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Analysis of very small samples is best done using a microcell approach. Here, 45 micrograms of a compound with molecular 
weight 338 was contained in a capillary tube of 1.0 mm I.D. The peak at 3.085, although weak after one block of acquisitions, 
served adequately for the peak register method, which effectively cancels long-term field drift. Signal frequencies and 
chemical shifts were copied from an oscilloscope display' of peak positions using ah assigned value of 435.6 Hz for the chloro
form peak. The spectrum is very well defined, and demonstrates that overnight FT operation with a T-60A/TT-7 system is quite 
feasible and very useful for microsample analysis.

MICROSAMPLE ANALYSIS 
with a TT-7/T-60A System
The TT-7 pulsed RF Fourier trans
form accessory benefits NMR op
eration by dramatically increasing 
sensitivity over that obtained in 
the normal CW mode of opera
tion. Typically, samples five to 
ten times smaller than those now 
being handled can be run in the 
same amount of analysis time. 
Signal input, accumulated free 
induction decay, or transformed 
spectra can be displayed on the 
TT-7’s cathode ray tube for visual 
monitoring. The spectra can be

plotted using the T-60 recorder. 
Digital integrations of spectra can 
be viewed or plotted as well.

Not only will the TT-7 enhance 
the sensitivity and increase sam
ple throughput of your T-60 but 
it will also provide an excellent 
Fourier transform training facil
ity. Its ease of use is incompar
able. In addition, spin-lattice 
relaxation times can be deter
mined from a series of runs using 
the progressive saturation tech
nique. Optional automatic Ti mea-

surements are available using the 
inversion-recovery technique as 
well as other multi-pulse experi
ments. In addition to sensitivity 
improvement and T, measurement 
applications, the basic TT-7 sys
tem will provide computer calcu
lations of theoretical NMR spec
tra of up to six spins (seven spins 
with 12K core memory and disk 
memory system).

Phone or write for more details.

NICOLET INSTRUMENT CORPORATIONI ' _JlhuL I .
5225 Verona Road, Madison, Wisconsin 53711 
Phone: 608/271-3333
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C. ORGANIC FUNCTIONAL GROUP 
PREPARATIONS/Volume 3
by STANLEY R. SANDLER and WOLF KARO 
A Volume in the ORGANIC CHEMISTRY Series

CONTENTS: Acetals and Ketals. Anhydrides. Mono
alkyl Sulfates. Sulfenic Acid and Sulfenic Acid Deriva
tives. isonitriles (Isocyanides). Amidines. Imides. 
Imidates. Nitrones. Hydroxylamines and Substituted 
Hydroxylamines. Oximes. Hydroxamic Acids. Thio- 
hydroxamic Acids.

1972, 520 pp., $27.50
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QUANTUM EFFECTS IN 
ORGANIC CHEMISTRY
by PETER HEDVIG

This book discusses the basic principles and the experi
mental methods of quantum chemistry with special 
emphasis given to organic compounds. After an intro
ductory chapter, the behavior of photons, electrons- 
positrons, nuclei, molecules, free radicals and the con
densed phase are treated from an experimental point 
of view. The author’s intention is to bring the ideas 
and methods of quantum chemistry closer to practice.

1974, in preparation
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POLYMER SYNTHESES
by STANLEY R. SANDLER and WOLF KARO

The aspects of organic polymer theory and mech
anisms, polymer processes and practical chemistry 
have already appeared in other books. However, the 
synthesis of the various classes of polymers by func
tional group types remained unavailable. This book has 
as its aim to fill this gap and to present detailed labora
tory directions as examples for the preparation of poly
mer syntheses by various functional group classes. 
Each chapter contains a critical review of the best avail
able synthetic methods. The classes of polymers 
covered include the following: olefin and diolefin hy
drocarbon polymers, polyesters, polycarbonates, poly
merization of epoxides and cyclic ethers, polymerization 
of aldehydes, polyureas, polyurethanes, thermally 
stable polymers, acrylic-methacrylic esters, polyacrylo
nitrile, polyacrylamide and organophosphorus poly
mers. Some of the heterocyclic polymers included in 
the chapter on thermally stable polymers are: poly- 
Imides, polybenzimidazoles, polyquinoxalines, poly-
1,3,4-oxidazoles and poly-1,2,4-triazoles, polybenzo- 
thiazoles and polybenzoxazoles and others.

1974, in preparation
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Prices subject to change without notice.
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ANALYTICAL PROFILES OF DRUG 
SUBSTANCES/Volume 3
Compiled under the auspices of the Pharmaceutical Analysis and  
Control Section Academy of Pharmaceutical Sciences.

edited by KLAUS FLOREY

CONTENTS: Alpha-Tocopheryl Acetate. Acetamino
phen. Amitriptyline Hydrochloride. Digitoxin. Di
phenhydramine Hydrochloride. Echothiopate Iodide. 
Ethynodiol Diacetate. Fludrocortisone Acetate. Flu- 
razepam Hydrochloride, lodipamide. Methadone. 
Oxazepam. Phenazopyridine Hydrochloride. Phenyl
ephrine Hydrochloride. Tolbutamide. Trimethaphan 
Camsylate. Tropicamide.

1973, 584 pp., $19.50/£9.35
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INTRODUCTION TO CHEMICAL 
KINETICS
by GORDON B. SKINNER

CONTENTS: The Nature of Chemical Kinetics. How 
Kinetic Results are Expressed. Prediction of Reaction 
Rates. Some Typical Gas-Phase Reactions. Chemical 
Reactions in Solution. Reactions in Solids and Hetero
geneous Systems. Experimental Methods.

1974, in preparation

CIRCLE 8 1 9  O N  READER SERVICE CARD

NONAQUEOUS ELECTROLYTES 
HANDBOOK/Volume 1
by G. J. JANZ and R. P. T. TOMPKINS

This volume includes data for some 310 solvent systems 
and covers the literature to 1973. As in Volume 1, we 
have drawn extensively on the earlier studies as well 
as the more recent contributions in preparing the ma
terial for this volume. For nonaqueous polarography 
and potentiometric titrations, the focus has been only 
on the more recent literature owing to the relatively vast 
number of publications since 1940. Topics covered 
include: Solubilities of Electrolytes; EMF Data; Vapor 
Pressure; Cryoscopy; Heats of Solution Calorimetry; 
Polarography; Ligand Exchange Rates and Electrode 
Reactions; Electrical Double Layer; Nonaqueous Spec
troscopy and Structure of Electrolytes; and Organic 
Electrolyte Battery Systems.

1973, 948 pp., $60.00/£28.20

CIRCLE 8 2 0  O N  READER SERVICE CARD

ADVANCES IN CARBOHYDRATE 
CHEMISTRY AND 
BIOCHEMISTRY/Volume 29
by R. STUART TIPSON and DEREK HORTON
1974, in preparation
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Disodium Tetracarbonylferrate Dioxanate

a highly versatile and selective 
reagent for organic synthesis
Now you can synthesize unusual or previously 
unavailable aldehydes, ketones, carboxylic 
acid, esters or amides with Collman’s reagent, 
disodium tetracarbonylferrate dioxanate, 
Na2Fe(CO)4 • 1.5 C4H802. This versatile new 
reagent reacts with alkyl halides or tosylates, 
or with acid chlorides, to form anionic alkyl 
or acyl iron intermediates. Suitable treatment 
of the intermediate provides your choice of the 
above products1 ~3, rapidly and in essentially 
quantitative yield.
Moreover, these reactions occur under mild 
conditions, exhibit stereospectificity, and are 
tolerant of functional groups such as esters, 
aldehydes and ketones, amides, nitriles, 
chlorides, alcohols, amines, olefins (including 
vinyl halides), and aromatic rings (including 
aromatic halides).
Prof. Collman has recently prepared mixed 
alkyl-perfluoroalkyl unsymmetrical ketones 
by treatment of the intermediate with 
perfluorinated acid halides, -anhydrides or 
-aryl iodides.4
He has also extended the use of this reagent to 
the synthesis of neutral monomeric phosphine 
and arsine complexes,5 (C6H5)2(R)MFe(CO)4, 
where M =P,As.
Want more details? Send for Alfa’s 
brochure “Collman’s Reagent—Disodium 
T etracarbony Iferrate’ ’.

Ventron Corporation, Alfa Products, 8 Congress 
Street, Beverly, Mass. 01915 (617) 922-0768

Collman’s Reagent is now available from 
Alfa Products.
Stock No. Listing Quantity Price

88775 Disodium tetracarbonylferrate 25 g. $29.50 
dioxanate (Collman's Reagent) 100 g. 99.00
Na#e(GO)4 ■ 1.5 C/jHgO?

Na2Fe(CO)

*
j^RFe(CO)a ---- 5 ^ , R'x ?

R C F e (C O )3i

------ ► [r c x > — ? î — !

R'OH \ H 20

RCHO

RCNR'R"
R C 02R' RCOOH

1. M. P. Cooke, J. Am. Chem. Soc. 92, 6080 (1970)
2. J. P. Collman, S. R. Winter and D. R. Clark, ibid. 94, 
1788(1972)
3. J. P. Collman, S. R. Winter and R. G. Komoto, ibid. 95, 
249(1973)
4. J. P. Collman and N. W. Hoffman, ibid. 95, 2689(1973)
5. J. P. Collman, R. G. Komoto and W. O. Siegl, ibid. 95, 
2389(1973)

In Europe contact:
Ventron-Hicol, N.V. Postbus 1151 ■ Rotterdam, Netherlands • Tel. 010-297433 Telex No. 21676
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Pyrimidine is not alkylated by diarylmethyl cations, but substitutions do occur at an endocyclic nitrogen 
with 2- and 4-hydroxypyrimidine and at the sulfur of 2-mercaptopyrimidine. Diarylmethylations occur exclu
sively at the 5-carbon position of 2,4-dihydroxy-, 2,4,6-trihydroxy-, and 6-amino-2,4-dihydroxypyrimidines. The 
effects of Lewis acid catalysts as well as substituents on the diarylmethyl cations on the alkylation reactions are 
discussed. Also, alternate synthetic routes to the 5-diarylmethylpyrimidines are given.

Pyrimidine and pyrimidine derivatives present several 
electron-rich nucleophilic centers where a carbonium ion 
may attack. Only one example of this reaction is reported 
with a diarylmethyl cation, and in this case the extranu- 
clear nitrogen of 2-aminopyrimidine is alkylated.1 On the 
other hand, alkylations of a carbon atom are reported for 
2-hydroxy pyridine,2 thiophene,3 9-methylcarbazole,4 pyr
role,5 hydroxyquinolines,6 and indoles.7 The 2-, 4-, and 
6-carbon atoms in pyrimidine are electron deficient by vir
tue of the electron-withdrawing effect of the nitrogen 
atoms and are not susceptible to alkylation.8 Carbonium 
ion alkylations, therefore, could be expected to take place 
only at an electron-rich ring nitrogen or perhaps at the 5- 
carbon atom, although the latter is made slightly elec
tron deficient by the general inductive effect. This report 
describes the reactions of diarylmethyl carbonium ions 
with pyrimidine, mercaptopyrimidine, and hydroxypyri- 
midines.

Results
No C or N alkylation products of pyrimidine were iso

lated when pyrimidine was treated with benzhydrol (1) in 
acetic acid either in the presence or absence of a Lewis 
acid catalyst. A very small amount of N-acetyl(diphenyl- 
methyl)amine was isolated and the remaining 1 was re
covered as diphenylmethyl acetate. The conversion of 1 to 
diphenylmethyl acetate was shown to occur quantitatively 
within 15 min in hot acetic acid.

One electron-releasing substituent on pyrimidine, such 
as hydroxy or mercapto group in the 2 or 4 position, sup
plied sufficient electron density for electrophilic attack to 
take place at one of the heteroatoms (Scheme I). Partial 
alkylation of 2-hydroxypyrimidine occurred with 1 and 
with 2,4-dichlorobenzhydrol (2) in acetic acid to give low 
yields of the respective l-diarylmethyl-2(l7i)-pyrimidi- 
nones (3 and 4, Table I). Addition of boron trifluoride had 
little effect. More complete alkylation of 4-hydroxypyri
midine occurred with 1 to furnish 3-diphenylmethyl- 
4(2>H)-pyrimidinone (5, Table I). The diphenylmethyl cat
ion attacked the extranuclear sulfur of 2-mercaptopyrimi-

dine to give a moderately good yield of [(2-diphenyl- 
methyl)thio]pyrimidine (6, Table I).
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Two or three electron-contributing groups at the 2, 4, 

and 6 positions of pyrimidine caused the diarylmethyl 
cations to be attracted to the 5 position of pyrimidine 
(Scheme II). Reaction of uracil or 2-thiouracil, however, 
did not occur with 1 after 5 days in refluxing acetic acid. 
When boron trifluoride or stannic chloride was added, the 
alkylation was complete in several hours and nearly quan
titative yields of the 5-(diphenylmethyl) derivatives (7 
and 8, Table II) were isolated. Similar reaction conditions 
with 1 and 6-methyluracil gave a good yield of 6-methyl- 
5-(diphenylmethyl)uracil (9, Table II). Chlorine substitu
ents of 2 had only a slightly inhibitory effect on the carbo
nium ion alkylations of uracil and 6-methyluracil. Yields 
of the 5-[(2,4-dichloro)diphenylmethyl]uracils (10 and 11, 
Table II) were only a few per cent lower than the yields 
for the corresponding 5-(diphenylmethyl)uracils (7 and 8).
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Table I
iV-Diarylmethylpyrimidines and 

[ (2-Diphenylmethyl) thio ]pyrimidine

3 c 6h 6 204 13
4 2,4-Cl2C6H3 185-187 18
5 c 6h 5 158-159 51
6 c 6h 5 104 63

However, the chloro substituents had a pronounced inhib
itory effect upon the reactions with 4,6-dihydroxypyrimi- 
dine and 4,6-dihydroxy-2-(methylthio)pyrimidine. A 40% 
yield of 5-[(2,4-dichloro)diphenylmethyl]uracil (12, Table
II) was obtained from 2 and 4,6-dihydroxypyrimidine, 
compared with a 78% yield of 4,6-dihydroxy-5-(diphenyl- 
methyl) pyrimidine (13, Table II) obtained from 1 and
4,6-dihydroxypyrimidine. A very low yield of 5-[(2,4-di- 
chloro)diphenylmethyl]-4,6-dihydroxy-2-(methylthio)pyri- 
midine (14, Table II) resulted from 4,6-dihydroxy-2- 
(methylthio)pyrimidine and 2 while the similar 4,6-dihy- 
droxy-2-methylpyrimidine reacted quantitatively with 1 to 
give 4,6-dihydroxy-5-(diphenylmethyl)-2-methylpyrimi- 
dine (15, Table II).

and the minor product 6-amino-l,3-dimethyl-5-(diphenyl- 
methyl)uracil (23, Scheme III).

Scheme III

+  HOCH(C6H5)2

22 23

Xanthen-9-ol is completely oxidized to xanthen-9-one 
within 15 min in hot acetic acid. Successful competitive 
alkylations of pyrimidines by xanthen-9-ol occurred rapid
ly or otherwise not at all. Barbituric acid and 4,6-dihy
droxypyrimidine gave excellent yields of the corresponding
5-(9-xanthenyl)pyrimidines (24 and 25, Table III). At
tempted reactions with uracil and thiouracil, on the other 
hand, failed because of their low solubility in acetic acid. 
Cytosine gave a 55% yield of 5-(9-xanthenyl)cytosine (26, 
Table III), but only a very low yield of 4-amino-5-(diphen- 
ylmethyl)-2-hydroxypyrimidine (27, Table II) was ob
tained from cytosine and 1.

Scheme II
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Barbituric acid was alkylated by diarylmethyl cations 
without the aid of strong acid catalysts, but the yields 
were low (Table II), even with longer than usual reaction 
times. When either stannic chloride or boron trifluoride 
was present, alkylation with 1, 4-chlorobenzhydrol, or 2 
gave good to excellent yields of the respective 5-diaryl- 
methylbarbituric acids (16, 17, and 18). The alkoxy 
groups of 3,4-diethoxybenzhydrol retarded the alkylation 
reaction of barbituric acid (19, Table II), but this effect 
was less than that observed with the 2,4-dichloro- and 4- 
chlorobenzhydrols. Tritylation of barbituric acid was ac
complished, but because of an unusual and interesting 
behavior of the product the results will be reported in an
other paper.

A Lewis acid catalyst did not enhance the diphenyl- 
methylation of 6-aminouracil. The yield of 6 amino-5- 
(diphenylmethyl)uracil (20, Table II) obtained without 
the catalyst was twice that with the catalyst. Alkylations 
of hydroxypyrimidines by diphenylmethyl cation were at
tempted in concentrated sulfuric acid and in polyphos- 
phoric acid; both were unsuccessful because of low yields. 
Sulfuric acid, added to the acetic acid solution, may have 
catalyzed the reaction of 1 with 4-amino-6-hydroxy-2-pyri- 
midinethiol to give a 52% yield of 4-amino-6-hydroxy-5- 
(diphenylmethyl)-2-pyrimidinethiol (21, Table II).

A Lewis acid catalyst was not required for the reaction 
between 1 and 6-amino-l,3-dimethyluracil. Alkylation at 
the 5-carbon position was at least 80% complete in hot 
acetic acid. Partial hydrolysis of the 6-amino group oc
curred and the reaction mixture yielded the major prod
uct I,3-dimethyl-5-(diphenylmethyl)barbituric acid (22)

Scheme IV

Since fluoren-9-ol was oxidized in acetic acid, reactions 
of this tricyclic carbinol with hydroxypyrimidines were 
not attempted. The reaction of 10, ll-dihydro-5/7-diben- 
zo[a,d]cyclohepten-5-ol with uracil gave a moderately 
good yield of 5-(10,ll-dihydro-5//-dibenzo[a,d] cyclohep- 
ten-5-yl)uracil (28, Table III) and with barbituric acid 
gave an excellent yield of 5-(10, ll-dihydro-5//-diben- 
zo[a,d]cyclohepten-5-yl)barbituric acid (29, Table III). 
The large dibenzo[a,d]cycloheptene group of 29 is restrict
ed from freely rotating about the bond to the pyrimidine 
ring. The nmr doublet signal, centered at 3.85 ppm from 
the pyrimidyl-5 proton, and the doublet, centered at 4.50



Pyrimidines with Diarylmethyl Cations J. Org. Chem., Vol. 39, No. 5, 1974 589

Table II
5-Diarylmethylhydroxypyrimidines and 5-Diarylmethyl Mercaptopyrimidines

V A
/

J  CH
J> \
** C Æ

No. R Ri Rj Ar Mp, °C % yield
7 HO HO H C 6H 6 298-300 96“
8 H S HO H C eH 6 264 99
9 HO HO C H 3 C 6H 5 285-287 80 'b

10 HO HO H 2,4-C l,C6H 3 294 81,“ 95“
11 HO HO c h 3 2,4-Cl2C 6H 3 247-249 71b
12 H HO HO 2,4-Cl2C 6H 3 305 40
13 H HO HO c 6h 6 329-330 78
14 C H 3S HO HO 2,4-Cl2C 6H 3 255 14
15 c h 3 HO HO CXHs >300 98
16 HO HO HO C 6H 5 220 98fc.'
17 HO HO HO 4-C lC6H 4 llO«1 73'
18 HO HO HO 2,4-Cl2C 6H 3 234 67,“./ 83‘
19 HO HO HO 3,4- (C2H 60 ) 2C 6H 3 180-182 42
20 HO HO n h 2 c 6h 5 330-342 67“
21 HS n h 2 OH c 6h 5 170-180* 52
27 HO n h 2 H c 6h 5 236 4h

“ SnCl4 was used as catalyst (5 g /0 .1  m ol). b W ith  B F 3 catalyst (5 g /0 .1  m ol). ‘  T he yiejd was 56%  without B F : catalyst. 
d Solvated. • The yield was 37.5% without B F 3. < The yield was 22%  without catalyst. « The yield was 38.5% with SnCh 
catalyst. h T he same reaction conditions were used for com pound 21.

Table III
5-(9-Xanthenyl)- and 5-(10,ll-Dihydro- 

5H-dibenzo [a,d ]cyclohepten-5-yl )pyrimidines

Compd
no. X R Ri Ri Mp, °C % yield

24 0 HO HO HO 290 81
25 0 H HO HO 285 95
26 0 HO H 2N H 320 dec 55
28 (CH 2)2 HO HO H 295 68
29 (CH2)2 HO HO HO 244-246 85

Table IV
Aralkyl Malononitriles and Malondiamides

X
/

R-— CH
\

X
Compd

no. R X Mp, °C % yield

30 (CeH5) 2CH C O N H j 285 91 ,2
31 2,4-Cl2C6H 3C H C 6H 5 c o n h 2 270-274 55 .6“
32 (C6H 5)2CH C = N 62-64 87
33 2,4-Cl2C 6H 3CHC6H6 C = N 108-114 85
34 c 13h 9o * C = N 184 75
35 (C6H 5) 3C C = N 155 45.5

“ The yield was reduced to 47.4% when glacial acetic 
acid was used as the reaction solvent. b Xanthen-9-yl.

Scheme V

ppm from the 9,10-dihydrobenzo[a,d]cycloheptenyl-5 pro
ton, have J  values of 9 Hz indicating that the molecule

exists approximately two-thirds of the time in the trans 
configuration. Rotation of the xanthen-9-ol group bonded 
to the 5 position of barbituric acid, as in 25, is not re
stricted and the signals from the vicinal protons at the 
bond are split by only 3 Hz.

An alternate synthesis of 5-diarylmethylpyrimidines was 
investigated wherein malonic acid derivatives were al
kylated by arylmethyl cations, and the products were cy- 
clized. Malononitrile failed to react with either 1 or 2 in 
hot acetic acid and, when boron trifluoride was added, 
exothermic reactions occurred to give intractable mixtures 
of products. However, the two carbinols did react with 
malondiamide in acetic acid and boron trifluoride 
(Scheme VI) but gave low yields of the diarylmethyl- 
malondiamides (30 and 31, Table IV). Yields improved 
when the solvent was formic acid and a nearly quantita
tive yield of diphenylmethylmalondiamide (30) was ob
tained. The halogen substituents of 2, here again, retard
ed the carbonium ion reaction and a lower yield of 2,4- 
dichloro(diphenylmethyl)malondiamide (31) resulted. The 
malondiamides (30 and 31) were dehydrated with phos
phorus oxychloride in acetamide to give good yields of the 
corresponding diarylmethylmalononitriles (32 and 33, 
Table IV). The reactions of xanthen-9-ol and triphenyl-
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Table VCyclizations of 2-Diarylmethylmalondiamides (Compounds 12 and 13)
Base HCONH-, ml (CHs):SO, ml Temp, °C Time, hr

% yield of 
pyrimidine

% recovery of 
diamide

K O C (C H i), 150 0 Reflux 3 <2« ca. 90
N aO C TR 50 d Reflux 10 0“ ca. 100
K O C (C H 3)3 50 50 100 15 46 .8“ 26
NaOCHs 50 50 100 15 38 .8“ 52
NaOCH , 40 60 135 16 53.2« 25
N aO C H 3¡> 50 50 125 15 78“ 17
N aO C H 3 50 50 125 15 6 0 .5 “ 25
NaOH 50 50 125 7 8 .6 “ 75

“ Results for 4,6-dihydroxy-5-(diphenylm ethyl)pyrim idine. b A fter the initial addition o f 2.2 equiv (6 g) o f NaOCHU, 2 g 
was added at 2- and 4-hr intervals. “ Results for 5- [(2,4-dichloro)diphenylm ethyl ]-4,6-dihvdroxvpvrimidine.

methanol with malononitrile in acetic acid were uncom
plicated and gave good yields of the arylmethylmalononi- 
triles (34 and 35, Table IV).

Scheme VI
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The malondiamides (30 and 31) failed to cyclize when 
heated neat with formamide, with formamide in formic 
acid, or with formamide and formic acid in dimethylfor- 
mamide. Cyclization also failed with formamide in acetic 
acid, in sulfuric acid, or in polyphosphoric acid. Only 
small yields of the desired pyrimidines (12 and 13, Table 
V) were obtained when formamide was heated with 30 
and 31 in alcohol in the presence of sodium methylate. 
The most complete cyclizations (Scheme VII) were ac
complished in dimethyl sulfoxide solution with formamide 
and 2.2 mol equiv or more of either potassium iert-butox- 
ide or sodium methoxide (Table V).

Scheme VII
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The 5-diarylmethyluracils 10 and 7 were converted to 
the corresponding 2,4-dichloropyrimidines and the halo
gens on the pyrimidine ring were selectively and quantita

tively removed by catalytic reduction9 to give 5-diaryl- 
methylpyrimidines.

Experimental10 Section
1-Diarylmethyl-2(li/)-pyrimidones (3 and 4), 3-(Diphenyl- 

methyl)-4(3H)-pyrimidinone (5), and 2-[(Diphenylmethyl)- 
thio]pyrimidine (6 ) (Table I). 2-Hydroxy-, 4-hydroxy-, and 2- 
thiopyrimidines (0.1 mol) were heated separately with 0.1 mol of 
the appropriate diarylcarbinol in 50-100 ml of glacial acetic acid 
for 5-8 hr in the absence of a catalyst. The solid products, ob
tained by pouring the cooled solution into water, were crystallized 
from mixtures of benzene-petroleum ether, ethyl acetate-petrole
um ether, and dilute alcohol.

This same procedure was repeated with 2-hydroxyprimidine 
and benzhydrol with 5.0 g of boron trifluoride etherate. The yield 
was increased by 2%.

5-Diarylmethyluracils (7-11) (Table II). Uracil, 2-thiouracil, 
or 6-methyluracil (0.1 to 0.80 mol) and an equal molar quantity of 
the appropriate diarylcarbinol were added to glacial acetic acid 
(100 ml for each 0.1 mol of the uracil). Five grams of boron tri
fluoride etherate or 3-5 g of SnCl4 was added for each 0.1 mol of 
the uracil. The mixture was heated at refluxing temperature until 
the reaction was complete, usually about 5 hr. The reaction end 
point was determined by periodically withdrawing and inspecting 
samples. The product precipitated and crystallized when a sam
ple of a completed reaction solution was added to cold water. Oily 
mixtures, containing some diarylcarbinol acetate, were obtained 
from incomplete reaction mixtures. The completed reaction solu
tion was cooled and poured into cold water. The solid product 
was collected by filtration, washed several times with water, and 
crystallized from alcohol-water mixtures.

The above procedure was repeated with uracil, with the excep
tion that diphenylmethyl bromide was substituted for the diaryl
carbinol. The yield of compound 7 was 74%.

5-Diarylmethyl-4,6-dihydroxypyrimidines (12-15) (Table II). 
4,6-Dihydroxypyrimidine, 4,6-dihydroxy-2-(methylthio)pyrimi- 
dine, or 4,6-dihydroxy-2-methylpyrimidine (0.1 mol) and benzhy
drol or 2,4-dichlorobenzhydrol (0.1 mol) were added to 100 ml of 
glacial acetic acid. SnCl4 (2-6 g) was added and the mixture was 
heated at refluxing temperature for 4-5 hr. The cooled reaction 
mixtures were poured into cold water. The precipitated products 
were collected and crystallized from alcohol.

5- Diarylmethylbarbituric Acids (16-19) (Table II). Barbitur
ic acid (12.7 g or 0.1 mol) and the appropriate diarylcarbinol (0.1 
mol), boron trifluoride etherate (5 g) or SnCl4 (3 g), in 100-200 ml 
of glacial acetic acid were heated at refluxing temperature for 2-5 
hr. The reaction time was 2-5 days when the Lewis acid catalyst 
was not used. The products were isolated and purified in the 
manner described in the previous paragraph.

6- Amino-5-(diphenylmethyl)uracil (20) (Table II). Two 
mixtures were prepared, consisting of 0.1 mol (12.7 g) of 6-ami- 
nouracil and 0.1 mol (18.4 g) of benzhydrol in 100 ml of glacial 
acetic acid. Four grams of SnCl4 was added to one mixture. Each 
mixture was heated at refluxing temperature for 24 hr. The prod
uct was isolated in the manner described in a previous paragraph.

4- Amino-5-(diphenylmethyl)-6-hydroxy-2-pyrimidinethiol 
(21) (Table II). Benzhydrol (19.8 g or 0.1 mol), 4-amino-6-hy- 
droxy-2-pyrimidinethiol (14.2 g of 0.1 mol), and 1 ml of concen
trated H2S 04 were added to 100 ml of glacial acetic acid. The 
mixture was heated at refluxing temperature for 6 hr, then cooled 
and added to water. The product was collected and crystallized 
from benzene, ethyl acetate, and alcohol.

5- Diphenylmethyl-l,3-dimethylbarbituric Acid and 6 -
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Amino-5-(diphenylmethyl)-l,3-dimethyluracil (22 and 23). 6-
Amino-l,3-dimethyluracil (15.5 g or 0.1 mol) and benzhydrol (19.8 g 
or 0.1 mol) were heated under reflux foT 6 hr in 100 ml of glacial 
acetic acid. The cooled solution was added to water. The precipi
tated solid was collected and was crystallized from methanol to 
yield 20 g or 65% of 5-(diphenylmethyl)-l,3-dimethylbarbituric 
acid (22), mp 167-168°.

Anal. Calcd for Ci9H18N20 3: C, 70.79; H, 5.63; N, 8.69. Found: 
C, 70.73; H, 5.77; N, 8.82.

The methanol filtrate from the above crystallization was con
centrated to give 6-amino-5-(diphenylmethyl)-l,3-dimethyluracil 
(23) that melted at 225° after several recrystallizations, yield 5 g 
or 15.5%.

Anal. Calcd for C19H19N302: C, 71.01; H, 5.96; N," 13.08. 
Found: C, 71.08; H, 5.93; N, 12.87.

5-(Xanthen-9-yl)- and 5-(I0,lI-Dihydro-5ft-dibenzo[a,d]cy- 
clohepten-5-yl)pyrimidines (24, 26, 28, 29) (Table III). To 0.1 
mol of barbituric acid, 4,6-dihydroxypyrimidine, or cytosine in 
200 ml of glacial acetic acid was added 0.1 mol of xanthen-9-ol. A 
dark blue color developed almost immediately upon heating and 
appeared to become less intense as the reaction proceeded. The 
alkylation was rapid and by all indications was complete within 
15 min. The reflux temperature was maintained for 1-2 hr and 
the cooled mixture then diluted with water. The solid products 
were crystallized from alcohol or a mixture of alcohol and DMF.

TJracil (0.2 mol) and barbituric acid (0.2 mol) in HOAc were 
separately heated with 0.2 mol of 10,ll-dihydro-5if-dibenzo[a,d]- 
cyclohepten-5-ol and 20 g of boron trifluoride etherate. After 3-5 
hr the products were isolated as described above and crystallized 
from alcohol.

2-Diarylmethylmalondiamides (30 and 31) (Table IV).
Malondiamide (0.05 mol) and the appropriate diarylcarbinol (0.05 
mol) were dissolved in 20 ml of hot 100% formic acid. Five drops 
of boron trifluoride etherate were added and the solution was 
heated under reflux for 10-12 min and then cooled. The solid 
product, precipitated by adding cold water, was washed with 
water and with ether and then crystallized from alcohol.

2-Diarylmethyl-, 2-(Xanthen-9-yl)-, and 2-Triphenylmethyl- 
malononitriles (32-35) (Table IV). The diarylmethylmalondiam- 
ides (30 and 31) previously decribed were dehydrated by heating 
DA mol of the diamide with 35-45 ml of POCI3 in 25 g of acet
amide for 3 hr at the refluxing temperature. The reaction mixture 
was poured onto ice and extracted into ether. The ether solution 
was washed with water, dried, and evaporated to yield the crys
talline products (32 and 33).

Malononitrile (0.11 mol) was heated with triphenylcarbinol (0.1 
mol) or with xanthen-9-ol (0.1 mol) in 50 ml of acetic acid. The 
reaction with xanthen-9-ol was complete in about 2 min, while 
the mixture containing triphenylcarbinol was heated for 8 hr. The 
cooled mixtures were added to water and the precipitated solids 
then crystallized from benzene,

Cyclizations of 2-(Diphenylmethyl)- and 2-(2,4-Dichloro)di- 
phenylmethylmalondiamides (12 and 13) (Table V). The 2-diar- 
ylmethylmalondiamide, 30 and 31 (0.1 mol), was heated in a mix
ture of formamide and DMSO containing 2.2 molar equivalents of 
either potassium teri-butoxide, sodium methylate, or sodium hy
droxide. The products were precipitated by adding very dilute 
HC1. The 5-diarylmethyl-4,6-dihydroxypyrimidines were sepa
rated from unreacted 2-diarylmethylmalondiamides by crystalli
zation from alcohol.

Registry No.—3, 40016-23-7; 4, 50278-30-3; 5, 50278-31-4; 6, 
50278-32-5; 7, 50278-33-6; 8, 50454-83-6; 9, 50278-34-7; 10, 50278- 
35-8; 11, 50278-36-9; 12, 50278-37-0; 13, 50278-38-1; 14, 50278-39-2; 
15, 26920-22-9; 16, 50278-41-6; 17, 50278-42-7; 18, 50278-43-8; 19, 
50278-44-9; 20, 50278-45-0; 21, 50278-46-1; 22, 50454-84-7 ; 23,
50278-47-2; 24, 50278-48-3; 25, 50278-49-4; 26, 50278-50-7; 27,
50278-51-8; 28, 50278-52-9; 29, 50278-53-0; 30, 13023-11-5; 31,
50278-55-2; 32, 1846-19-1; 33, 50278-57-4; 34, 6235-15-0; 35, 50278-
59-6; 2-hydroxypyrimidine, 2209-57-6; 4-hydroxypyrimidine, 
4562-27-0; 2-thiopyrimidine, 1450-85-7.
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The reactions of diarylmethyl and dibenzomethyl cations with aminopyrimidines were investigated to deter
mine the relative, reactivities of the pyrimidine nucleophilic centers. While diarylmethyl cations reacted at the 
amine nitrogen of 2-aminopyrimidine, the diphenylmethyl cation reacted at both amine nitrogens of 4,6-diami- 
nopyrimidine. Condensed dibenzomethyl cations reacted with 2-aminopyrimidine at the 2-amine nitrogen and 
at the 5-carbon position. The 9-xanthene cation reacted only at the 5 position of 4,6-diaminopyrimidine to yield
4.6- diamino-5-xanthen-9-ylpyrimidine. The relative affinity for these two positions is discussed. The 2-amino-
4.6- dichloropyrimidine, substituted at the 5 position by diarylmethyl cations with accompanying hydrolysis of 
one chlorine, yields 2-amino-6-chloro-5-(diarylmethyl)-4-hydroxypyrimidines. A novel amino displacement of a 
2-hydroxy group was apparently facilitated by the presence of the 5-(diphenylmethyl) group. Diphenylmethyl 
cation reacted with 4-amino-6-chioropyrimidine, followed by hydrolysis of the chlorine, to yield a mixture of 4- 
amino-5-(diphenylmethyl)-6-hydroxypyrimidine and 4-[(diphenylmethyl)amino]-6-hydroxypyrimidine.

Investigations in these laboratories have shown that 5- 
(diarylmethyl)pyrimidines have important antimicrobial 
as well as plant growth regulating properties.1’2 Explora
tions into possible novel synthetic routes to these com
pounds led to this study of aralkylations of pyrimidines. 
Electrophilic substitutions by arylmethyl cations were 
shown, in the previous paper, to occur at the 5-carbon 
atom when the electron density of that position was en

riched by hydroxy groups adjacent to nuclear nitrogens. 
While amino groups have electronic effects qualitatively 
similar to hydroxy groups, all previously reported alkyla
tions of aminopyrimidines occurred at a nitrogen atom.3’4 

Substitutions of aminopyrimidines by diarylmethyl cat
ions are not only influenced by the electron densities of 
the nucleophilic centers but also by the nature of the at
tacking carbonium ion. Aminopyrimidines were allowed to



592 J. Org. Chem., Vol. 39, No. 5, 1974 Whitehead and Whitesitt

react with an appropriate diarylcarbinol in boiling glacial 
acetic acid. The compounds 2-aminopyrimidine and 2- 
amino-4,6-dimethylpyrimidine reacted with benzhydrol,
4-chlorobenzhydrol, 2-methoxybenzhydrol, and 3,4,5-tri- 
methoxybenzhydrol to give the corresponding 2-((diphenyl- 
methyl)amino]- or 2-substituted-[(diphenylmethyl)amino]- 
pyrimidines, compounds 1-12 (Table I). The nmr data 
were consistent with the assigned structures, and tic of 
the reaction mixtures indicated they were the only prod
ucts formed. Addition of bromine to an acetic acid solu
tion of 2-[(diphenylmethyl)amino]pyrimidine readily 
yielded 5-bromo-2-[(diphenylmethyl)amino]pyrimidine
(13). Triphenylcarbinol failed to react with 2-aminopyri- 
midine after 18 hr.

Condensed dibenzomethyl cations, depending upon 
their structure, react with 2-aminopyrimidine at either 
the 2-amino nitrogen or 5-carbon position to give a mix
ture of two products, or they react exclusively at the 5- 
carbon position. Xanthen-9-ol and 5//-dibenzo[a,d]cyclo- 
hepten-5-ol reacted only at the 5 position to yield, respec
tively, 2-amino-5-xanthen-9-ylpyrimidine (14) and 2- 
am ino-5-(5ii-dibenzo[a, d]cyclohepten-5-yl)pyrimidine
(15). When reacted with 2-aminopyrimidine, 10,11-dihy- 
dro-5f/-dibenzo[a,d]cyclohepta-l,4-dien-5-ol yielded a 
mixture of 2-(10,ll-dihydro-5//-dibenzo[a,d]cyclohepta-
l,4-dien-5-ylamino)pyrimidine (6) and 2-amino-iV2,5-bis- 
(10,ll-dihydro-5fi-dibenzo[a,d]cyclohepta-l,4-dien-6-yl)- 
pyrimidine (16). In the presence of excess 2-aminopyri
midine, 6 was formed exclusively. Reacting slowly with 
only the 2-amino group, 9-hydroxyfluorene gave after 24 hr 
starting material and 2-[(fluoren-9-yl)amino]pyrimidine (1) 
in 8% yield. The relative specificity for the 2-amino or 5- 
carbon position appears below.

2-amino position 5-carbon position

Table I2- [(Diarylmethyl) amino ¡pyrimidines
H

N
} — N H R
N

H

%
N o. R R i yield® Mp,  "C * ’'

l C i4H n d H 8 200-201
2 (4- C lC 6H 4)2C H H 36 179-180
3 4- C lC 6H „C6H 5C H H 49 127
4 (C 6H 5)2C H H 58 160 e
5 2- C H 3O C 6H 4C 6H 6C H H 50 149
6 C isH ^ H 71 175-177
7 (4- C lC 6H 4)2C H C H S 21 125-127
8 4- C lC 6H 4C 6H 5C H C H a 31 118
9 (C 6H 6)2C H C H 3 62 126-127

1 0 2-C H 3O C 6H 4C 6H 5C H CHa 50 165-166
1 1 3,4,5- (C H 30 )3C 6H 2C 6H 5C H H 71 150
1 2 3,4,5- (C H 30 )3C 6H 2C 6H 5C H CHa 51 158-59

° All yields were determined from analytically pure com
pounds. b The melting points are corrected. c Satisfactory 
analytical data (±0.4%  for C, H, N, etc.) were reported 
for all new compounds listed in the paper. d Fluoren-9-yl. 
e Lit. mp 145-246° ( 1 9 ) .  1 10,ll-Dihydro-5H-dibenzo[a,d\- 
cyclohepta-l,4-dien-5-yl.

RHN—i  
N -

Benzhydrol reacted at both amino groups of 4,6-diami- 
nopyrimidine to give a small yield of 4,6-bis[(diphenyl- 
methyl)amino]pyrimidine (17). An nmr spectrum of the 
crude reaction mixture indicated the presence of unreact
ed 4,6-diaminopyrimidine. Xanthen-9-ol reacted with
4,6-diaminopyrimidine only at the 5 position to give 4,6- 
diamino-5-xanthen-9-ylpyrimidine (18) in good yield, but 
after 64 hr 9-hydroxyfluorene failed to react with 4,6-di
aminopyrimidine. Xanthen-9-ol is oxidized completely to 
xanthen-9-one when dissolved in acetic acid at room tem
perature and allowed to stand for 15 min. Reactions of 
xanthen-9-ol with 2-aminopyrimidine or with 4,6-diami
nopyrimidine must be completed rapidly upon contact.

Pyrimidine and pyrimidine sulfate each decomposed 
when heated in glacial acetic acid with benzhydrol. The 
only isolated product was (diphenylmethyl)acetamide. 
Xanthen-9-ol failed to react with pyrimidine at lower 
temperatures, and xanthen-9-one was obtained.

Both benzhydrol and 2-methoxybenzhydrol reacted at 
the 5 position of 2-amino-4,6-dichloropyrimdine. One of 
the chlorine atoms of 2-amino-4,6-dichloropyrimidine was

X
1—12, X = H  and CH3

R = fluoren-9-yl (X  = H only); (4-ClC6H4)2CH; 
(4-ClC6H4)(C6H5)CH; (C6H5)2CH; (2-CH3OC6H4)(C6H5)CH; 
10,lTdihydro-5//-dibenzo[a,d]cyclohepta-l,4-dien-5-yl 
(X  = H only); (3,4,5-(CH30 )3C6H2 ) (C6H5)CH

NH,

NH2
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Table IINmr Data for the[(2-DiaryImethyl) amino ¡pyrimidines
7

) = N
Y  4  } — N H C H R "

/ ~ N
/  X W

Z R,
Compd ------ ■-----— --------- Chemical shifts 5, ppm&---------------------

no. Ri W“ x “ Y Z

Table IIINmr Data for [Amino (diarylmethyl) ¡pyrimidines

I e H 6.31 7-8 6.69' 8.35*
2 H 6.40 7.57 6.53' 8.17-*
3 H 6.34 g 6 .37f 7.94“
4 H 6.43 g 6.28' 7.87“
5 H 6.61 g 6.33' 8.02“
6 H 6.73 g 6.29' 8.05“
7 c h 3 6.45 7.73 6.28e 2.23e
8 c h 3 6.38 5.76 6.28e 2.20e
9 c h 3 6.51 g 6.20e 2.17e

10 c h 3 6.67 6.11 6.23e 2.21e
11 H 6.38 7.92 6.35' 7.87“
12 c h 3 6.35 6.73 6.28e 2.23e
“ R  represents two aryl groups (compounds 2-5, 7-12) 

or two condensed aryl groups (compounds 1 and 6). b The 
solvent was CDCh, unless otherwise designated. ' Solvent 
was (CD3)2SO. d Doublet. * Singlet. '  Triplet. " Under 
aromatic region.

hydrolyzed during the substitution reaction to give 2- 
amino-6-chloro-5-(diphenylmethyl)-4-hydroxypyrimidine 
(19) and 2-amino-6-chloro-4-hydroxy-5-[2-methyoxy(di- 
phenylmethyl)]pyrimidine (20), respectively. When 
warmed in acetic acid, 2,4,6-trichloropyrimidine did not 
react with xanthen-9-ol and the trichloropyrimidine was 
not hydrolyzed under these conditions. This result and the 
fact that 2-amino-6-chloro-4-hydroxypyrimidine reacted 
with benzhydrol to yield compound 19 suggest that one 
chlorine of 2-amino-4,6-dichloropyrimidine is hydrolyzed 
before substitution occurs. The hydrolysis of one of the 
chloro groups of 2-amino-4,6-dichloropyrimidine and the 
unreactivity of the trichloropyrimidine might also be at
tributed to a greater degree of protonation in the 2-amino- 
pyrimidine. Since 19, when treated with nitrous acid,

Cl
N—(  ^

)
N—^

Cl

\

H

H,N— CHPh,
HNOs

CHPh,

H /  H /  \  H
1 0  I p  ^  I 0

W  N—^ N—(
H,N— y  H2N— <v > -C H P h 2 0 = {  >—  CHPh2

! n h 2
H

NH,

19-23
Compì

no.
ï ,---------

Ri R,
—Chemical shìi

W
Fts S, ppm- 

X* Y z»
14e 6.05 8 .05» 5.16
15 e 11.50 7 .63» 5.44
18“ 8 . 34» 5.92
19e NH, Cl 6 .97b 11.18 5.70
20' NH, Cl 6 . 57b 11.00 6.00
21e HO Cl 6.62 6.62 5.70
22e HO NH, 9 .936 10.38 5 .78b 5.47
23' n h 2 NH, 5 .346 9.93 6 . 1 D 5.61
«R represents two aryl groups (compounds 19-23) or

two condensed aryl groups (compounds 14, 15, and 18). 
b Broad signal. c Solvent was CDC13 +  (CD3)2SO. d Com
pound was soluble only in trifluoroacetic acid; the NH2 pro
ton signals could not be observed. e Solvent was (CD;i);SO. 
'  Solvent was CDC13. “ Singlet.
yielded 4-chloro-2,6-dihydroxy-5-(diphenylmethyl)pyrimi- 

/ dine (21), the possibility that the diphenylmethyl group 
might have been on the 2-amino position was eliminated. 
When 21 was treated with alcoholic ammonia at 150°, the 
6-chlorine was displaced with NH2 to yield 6-amino-5- 
(diphenylmethyl)-2,4-dihydroxypyrimidine (22). Unexpect
edly the 2-hydroxy group exchanged with ammonia to give 
a second product, 2,6-diamino-5-(diphenylmethyl)-4-hy- 
droxypyrimidine (23). By comparing the nmr spectra of 
compounds 19 and 23, it became obvious that the diaryl
methyl group was on the 5-carbon. Exchange of the 2-hy
droxy group with ammonia is facilitated by the presence 
of this 5-(diphenylmethyl) group, since 6-aminouracil re
mained unchanged when treated with alcoholic ammonia 
at 150°. The reaction of benzhydrol with 4-amino-6-chlo- 
ropyrimidine yielded a mixture of 4-amino-5-(diphenyl- 
methyl)-6-hydroxypyrimidine (24) and 4-[(diphenyl- 
methyl)amino]-6-hydroxypyrimidine (25). Hydrolysis of the 
6-chlorine also occurred in the reaction of 4-amino-6-chloro- 
pyrimidine with 2-methoxybenzhydrol, but only one prod-

NHCHPhe

H
24

NH,

{  y —  cHPh2
n H
I 0

H
23 22 25
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uct, 4-amino-6-hydroxy-5-[2-methoxy(diphenylmethyl)]py- 
rimidine (26) was isolated.

Confirmation of Structures by Nmr Spectra
Signals for protons at the 4, 5, and 6 positions of com

pounds 1-6 and 11, as well as signals for protons of the 4- 
and 6-methyl groups of compounds 7-10 and 12, are given 
in Table II. Singlet signals at 6.20-6.28 ppm (Y, Table II) 
are from protons at position 5 when methyl groups are at 
both the 4 and 6 positions. Protons at positions 4 and 6 
split the signals for protons at position 5 by 5 Hz, and the 
resulting triplets have centers at 6.28-6.53 ppm. Protons 
at positions 4 and 6 are less shielded and have doublet 
signals with centers at 7.87-8.17 ppm, split 5 Hz by a pro
ton at position 5. The signal for 4- and 6-methyl protons 
occurs at 2.17 and 2.23 ppm (Z, Table II).

The doublet signals between 6.34 and 6.67 ppm (Y, 
Table II) for the CH protons of the diarylmethyl groups 
are split 8 Hz by the adjacent 2-amino proton.

The high field position of signals at 5.16-6.00 ppm (Z, 
Table III) and their singlet character show that com
pounds 14-19 and 21-23 have the diarylmethyl group at 
the 5 position.

Experimental Section
All melting points are corrected. The nmr spectra were deter

mined by the Varian HA-60 instrument.
2-[(Diarylmethyl)amino]pyrimidines (Table I, Compounds 1-

12). 2-Aminbpyrimidine or 2-amino-4,6-dimethylpyrimidine (0.1 
mol) and 0.1 mol of the appropriate diarylcarbinol were dissolved 
in 100 ml of glacial acetic acid. The solution was heated under re
flux for 8 to 24 hr, cooled, and poured into water. The solid prod
ucts were washed thoroughly with water, and the oily products 
were extracted into ether. The ether solution was washed with 
water, concentrated, and eventually crystallized. All the products 
were purified by crystallizing from EtOAc-petroleum ether.

5-Bromo-2-[(diphenylmethyl)amino]pyrimidine (13). After 2- 
[(diphenylmethyl)amino]pyrimidine (10 g, 0.038 mol) was dis
solved in 50 ml of acetic acid at room temperature, bromine in » 
acetic acid was added dropwise until the bromine color persisted; 
the mixture was added to 500 ml of water. The insoluble product 
was collected and recrystallized from EtOAc, mp 167°, yield 2.2 g 
(17%).

The nmr signal, in dimethyl sulfoxide solution for the methyl 
proton of the diphenylmethyl group is a doublet with peaks at 6.3 
and 6.45 ppm. The signal for the-4 and 6 protons of the pyrimi
dine ring is a singlet at 8.24 ppm, which indicates the 5 proton 
has been substituted by bromine.

Anal. Calcd for Ci7H14BrN3: C, 60.01; H, 4.14. Found: C, 
60.17; H, 4.25.

2-Amino-5-xaathen-9-ylpyrimidine (14). 2-Aminopyrimidine 
(0.1 mol, 9.5 g) and xanthen-9-ol (0.1 mol, 19.8 g) were added to 
80 ml of glacial acetic acid and heated to refluxing temperature 
for 18 hr. The solution was added to 400 ml of water. The insolu
ble material was shown to be a mixture. It was separated on a 
chromatographic column of 1 kg of Grace silica gel, grade 950, 
with CHCI3 and yielded 4.3 g (15%) of 14, mp 213°.

Anal. Calcd for C i7Hi3N3d : C, 74.16; H, 4.73; N, 15.26. Found: 
C, 74.12; H, 4.87; N, 15.26.

The substitution reaction was slow enough to allow xanthen-9- 
ol to be partially oxidized to xanthen-9-one. Both xanthen-9-one 
and unreacted 2-aminopyrimidine were isolated from this chro
matography.

2-Amino-5-(577-dibenzo[a, d)cyelohepten-5-yl)pyrimidine (15).
2-Aminopyrimidine (0.1 mol, 9.5 g) and 5ff-dibenzo[a,d]cyclohep- 
ten-5-ol (0.1 mol, 20.8 g) were dissolved in 100 ml of glacial acetic 
acid and heated under reflux for 28 hr. The mixture was poured 
into water, and the solid was collected by filtration. The product 
was crystallized from alcohol, yield 16.3 g (57%), mp 241°.

Anal. Calcd for C19H15N3: C, 79.97; H, 5.30. Found: C, 80.00; 
H, 5.40.

2 - (10,11 -Dihydro -5 H- dibenzo [a, d ]cyclohept a -1,4 - dien - 5 -y 1 - 
amino)pyrimidine (6 ) and AP.S-BM 1 0 , 1  l-dihydro-5 H-di- 
benzo[a,d]cyclohepta-l,4-dien-5-yl)-2-aminopyrimidine (16).
10,ll-Dihydro-5/f-dibenzo[a,d]cyclohepta-l,4-dien-5-ol (0.2 mol) 
and 2-aminopyrimidine (0.2 mol) were dissolved in 200 ml of glacial 
acetic acid and heated to refluxing temperature for 64 hr. The

cooled mixture was added to water, and the insoluble solid was 
collected. Tic showed the crude solid to be a mixture of two com
pounds. These were characterized by nmr as compound 6 (80%) 
and compound 16 (20%). The crude mixture was developed on a 
silica gel column (CHC13) to yield 16 (8.4%), mp 146° (crystal
lized from EtOAc).

Anal. Calcd for C34H29N3: C, 85.14; H, 6.10; N, 8.76. Found: C, 
85.14; H. 6.36; N, 8.75.

When the above reaction was repeated with a 20% excess of 2- 
aminopyrimidine, the precipitated solid yielded only compound 6 
(Table I) (EtOAc).

4.6- Bis[(diphenylmethyl)amino]pyrimidine (17). 4,6-Diami- 
nopyrimidine (0.1 mol) and benzhydrol (0.1 mol) were added to 
150 ml of glacial acetic acid, heated to refluxing temperature for 
24 hr, cooled, and added to water. The oil partly crystallized after 
standing for several days in fresh water. The solid was collected 
on a suction funnel and recrystallized from EtOAc, yield 2.1 g 
(9.6% based on the benzhydrol), mp 234°.

Anal. Calcd for C30H26N4: C, 81.41; H, 5.92; N, 12.66. Found: 
C, 81.24; H, 5.91; N, 12.89.

4.6- Diamino-5-xanthen-9-ylpyrimidine (18). A solution of 
xanthen-9-ol (19.8 g, 0.1 mol) and 4,6-diaminopyrimidine (11 g,
0.1 mol) in 150 ml of glacial acetic acid was heated to refluxing 
temperature for 24 hr, then cooled and poured into cold water. 
The solid product was collected, and a sample was developed on 
tic with EtOAc. Only one spot was evident after exposure to io
dine vapor. The product was recrystallized from EtOH, mp 288° 
dec, yield 61%.

Anal. Calcd for C17H14N40: C, 70.33; H, 4.86; N, 19.30. Found: 
C, 70.62; H, 4.55; N, 19.05.

2-Amino-6-chloro-5-(diphenylymethyI)-4-hydroxypyrimidine 
(19). 2-Amino-4,6-dichloropyrimidine (0.1 mol, 16.4 g) and benz
hydrol (0.1 mol, 18.4 g) were dissolved in 80 ml of glacial acetic 
acid, heated to refluxing temperature for 24 hr, and poured into 
400 ml of water. The solid product was-crystallized from EtOAc- 
petroleum ether and yielded 7.1 g (46%), mp 253°.

Anal. Calcd for Ca7H14ClN30: C, 65.48; H, 4.52; N, 13.47; Cl,
11.37. Found: C, 65.27; H, 4.69; N, 13.20; Cl, 11.42.

2-Amino-6-chloro-5-(diphenylmethyl)-4-hydroxypyrimidine was
prepared in a similar manner from 2-amino-6-chloro-4-hydroxy- 
pyrimidine and benzyhydrol, mp 254°, yield 25%.

2-Amino-6-chloro-4-hydroxy-5[(2-methoxydiphenyl)methyI]- 
pyrimidine (20). 2-Amino-4,6-dichloropyrimidine (0.1 mol, 16.4 
g) and 2-methoxybenzhydrol (0.1 mol, 21.4 g) were reacted in the 
manner described for the preparation of 19, yield 14%, mp 255- 
256°.

Anal. Calcd for C18H16C1N302: C, 63.24; H, 4.21; N, 12.29; Cl,
10.37. Found: C, 63.23; H, 4.83; N, 12.07; Cl, 10.38.

6-Chloro-5-(diphenylmethyl)-2,4-dihydroxypyrimidine (2 1 ).
To a cooled solution (20% of 2-amino-6-chloro-5-(diphenylmethyl)-
4-hydroxypyrimidine (0.08 mol, 25.0 g) in a minimum amount of 
glacial acetic acid, was added, gradually, sodium nitrite (0.17 
mol, 11.72 g), and the solution was stirred for 18 hr. One liter of 
water was added to the solution. The product was collected and 
crystallized from EtOAc-petroleum ether, mp 238°, yield 15.7 g 
(62.19%).

Anal. Calcd for Ci7Hi3C1N20 2: C, 60' 28; H, 4.18; N, 8.97; Cl,
II. 33. Found: C, 65.45; H, 4.22; N, 9.05; Cl, 11.26.

6-Anuno-5-(diphenylmethyl)-2,4-dihydroxypyrimidine (2 2 )
and 2,4-Diamino-5-(dipheny]methyl)-6-hydroxypyrimidme 
(23). 6-Chloro-5-(diphenylmethyl)-2,4-dihydroxypyrimidine (0.02 
mol. 7.0 g) was dissolved in excess alcoholic ammonia and heated 
at 150° for 12 hr in a bomb. The solution was evaporated. The re
sulting solid was shown by nmr to be a mixture of 6-amino-5- 
(diphenylmethyl)-2,4-dihydroxypyrimidine (30%) and 2,4-diami- 
no-5-(diphenylmethyl)-6-hydroxypyrimidine (70%). The latter 
was separated from the mixture by crystallization from EtOAc, 
mp 248°, with characteristic nmr signals as presented in Table
III. This compound (23) had an nmr signal, in deuterated chloro
form, identical with the nmr signal of 2,4-diamino-5-(diphenyl- 
methyl)-6-hydroxypyrimidine in deuterated chloroform. Com
pound 23 gave a mass ion of 292 (calculated 292) as determined 
on the Varian Mat 731 mass spectrometer.

6-Amino-5-(diphenylmethyl)-2,4-dihydroxypyrimidine was also 
isolated with good recovery of the amount indicated by the spec
trum, mp 324°.

Anal. Calcd for Ci 7Hi5N30 2: C, 69.91; H, 5.15; N, 14.32. 
Found: C, 69.70; H, 5.27; N, 14.20.

4-Amino-5-(diphenylmethyl)-6-hydroxypyrimidine (24) and
4-(Diphenylmethyl)amino-6-hydroxypyrimidme (25). 4-Amino-
6-chloropyrimidine (0.1 mol, 13 g) and benzhydrol (18.4 g) were
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added to 80 ml of glacial acetic acid and heated under reflux for 
16 hr. The product was precipitated with water and was crystal- 
lized from dilute alcohol. The C, H, and N analyses were correct 
for C17Hi5N30, but the nmr spectra indicated a 50:50 mixture of
4-amino-5-(diphenylmethyl)-6-hydroxypyrimidine and 4-[(di- 
phenylmethyl)amino]-6-hydroxypyrimidine. The mixture was 
separated on a silica gel column with CHC13. Each compound 
was characterized by its nmr taken in dimethyl sulfoxide; the as
signments are shown below.

H H
6 1 6 1

v NY ° y n y °

N' y X CHPh2
N v V d

h 2n  a NHCHPh;
c c a

S, ppm 5, ppm
a, 5.66 a, 6.03
b, 7.82 b, 7.87
c, 5.97 c, 7.80
e, 11.75 d, 5.22

e, 11.75
4-Amino-6-hydroxy-5-[2-methoxy(diphenylmethyl)]pyrimi- 

dine (26). 4-Amino-6-chloropyrimidine (0.1 mol, 13.0 g) and 2- 
methoxybenzhydrol (0.1 mol, 21.4 g) were added to 80 ml of acetic 
acid and heated under reflux for 16- hr. The product was precipi
tated by adding the mixture to 400 ml of water. It was purified by

crystallization from EtOAc-petroleum ether, yield 14 g (43%), mp 
293° dec.

Anal. Calcd for C18Hi7N302: C, 70.34; H, 5.58; N, 13.67. 
Found: C, 70.29; H, 5.81; N; 13.88.
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Dim etalated Heterocycles as Synthetic Intermediates. V. D ianions Derived  
from Certain 2-Hydroxy-4-methylpyrimidines, 2-Amino-4-methylpyrimidines,

and Related Compoundst1
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A convenient new method, involving dianion intermediates, has been developed for side-chain elaboration of 
2-hydroxy-4-methylpyrimidines (la-c), 2-anilino-4-methyl-6-phenylpyrimidine (15a), 2-amino-4-methylpyrimi- 
dine (15b), and 2-methyl-4(3//)-quinazolinone. The dianions, prepared by twofold metalation of the parent het
erocycles with n-butyllithium in THF-hexane or sodium amide in liquid ammonia, reacted with benzyl chloride 
and carbonyl compounds to selectively establish exocyclic carbon-carbon bonds. Reaction of 4-hydroxy-2,6-di- 
methylpyrimidine (8 ) with 2 equiv of n-butyllithium produced a mixture of isomeric dianions (9a-b) in which 
9a, resulting from abstraction of a proton from the 4-methyl position, predominated.

Although certain 2-hydroxy-, 2,4-dihydroxy-, 2-amino-, 
and 2,4-diaminopyrimidines containing a nuclear methyl 
substituent have been reported to undergo active hydro
gen reactions such as aldol and Claisen condensations,2 
such processes generally appear to involve only low, equi
librium-controlled concentrations of carbanionic species. 
Recently, Klein and Fox3 have used the Wittig reaction of 
phosphonium salt 4 with several aldehydes for the synthe
sis of 6-substituted uracils. We now describe a simple new 
method for elaboration of the methyl group of 2-hydroxy- 
pyrimidines (1) which avoids the necessity for hydroxyl 
masking or the preparation of phosphonium salts such as
4. The procedure is based on initial generation of dianions
(2) , followed by treatment with various electrophilic re
agents to form the appropriate C-substituted derivatives
(3) . Dianions derived from pyrimidines possessing other 
arrangements of hydroxyl and methyl, as well as those 
having suitably positioned mercapto and methyl, anilino 
and methyl, or amino and methyl groups, can be formed 
and utilized in a similar fashion.

la, R, =  CH3; R2 =  c6h 5 2a, R, =  CH3; R, =  C6H5
b, R, =  CbH5; R2 =  H b, R ^ Q f t ;  R> =  H
c, Ri =  CH3; R, = H c, Rj =  CH3; R, = H

d, R, =  C6H6(CH2)2; R2 = C0.I15

Ri

Y
OH

1
N ll

H l A ' +H O^ N X CH2P(C6H5)3C1
3 4

Results and Discussion
In an initial search for suitable basic reagents, the read

ily available 2-hydroxy-4,6-dimethyl-5-phenylpyrimidine
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( la )4 was used as a model substrate foT dianion formation. 
Since alkali amides and organolithium reagents had pre
viously4’5 been reported to be suitable for lateral metala
tion of a few methylpyrimidines not possessing a second
active-hydrogen substituent, sodium amide and n-butylli-..
thium complexed with N ,N ,N ',N '-tetramethylethylenedi- 
amine (TM EDA)6 were tested for their ability to effect 
twofold deprotonation of la . Treatment of la  with 2 
molar equiv of ra-butyllithium complexed with TM EDA in 
THF-hexane at 0° resulted in excellent conversion of la  
into dianion 2a (M = Li) as evidenced by deuteration and 
by alkylation with benzyl chloride to form 3a (Table I). 
Dianion 2a (M = Li) underwent carbonyl addition reac
tions with benzophenone and cyclohexanone to give carbi- 
nols 3b-c in good yields, while acylation with methyl ben
zoate gave the highly enolic phenacylpyrimidine 3d. For
mation and benzylation of 2a (M = Na) was also accom
plished satisfactorily by means of 2 molar equiv of sodium 
amide in liquid ammonia. However, attempted condensa
tion of disodio 2a with cyclohexanone resulted mainly in 
enolization of the ketone. For this reason, the more cova
lent dilithio salts reported herein are recommended for 
reactions with aliphatic carbonyl compounds. Treatment 
of phenethylpyrimidine 3a with 2 equiv of n-butyllithium- 
TMEDA afforded predominately dianion 2d (M = Li) as 
shown by benzylation to form symmetrical derivative 3e.

Next, it was demonstrated that a 5-phenyl substituent 
was not necessary for dianion formation and that TMEDA 
could also be eliminated without severely hampering the 
twofold ionization process. Thus, reaction of lb  with 2 
equiv of n-butyllithium followed by benzyl chloride af
forded C-benzyl derivative 3f. Further evidence for the 
presence of dianion 2b (M = Li) was obtained by reac
tions with benzophenone, cyclohexanone, anisaldéhyde, 
and heptaldehyde to form 3g -j, respectively. Dehydration 
of carbinols 3g and 3i with p-toluenesulfonic acid (PTSA) 
in refluxing benzene afforded styryl derivatives 5a b in 
yields of 85 and 65%, respectively. Acylation o f 2b (M = 
Li) with methyl benzoate and ethyl acetate yielded py- 
rimidinyl ketones 3k-l. Dianion 2b (M  = Na) could also 
be prepared by means of sodium amide in liquid ammo
nia, as shown by reactions with benzyl chloride and ben
zophenone to give 3f and 3g in yields comparable to those 
obtained with dilithio salt 2b.

5a, R, =  OH; R, =  C6H5; R3 =  R4 = Q R
b. R, =  OH; R> =  C6H5; R, =  pCRORH,; R4 =  H
c, R, =  OH; R, =  CH3; R3 =  R4 =  C6H5

While conversion of the hydrochloride salt of pyrimidine 
lc  into dianion 2c (M = Na) with 3 equiv of sodium 
amide in liquid ammonia was generally unsatisfactory, 2c 
(M = Li) was generated, albeit in low concentrations, 
using 3 equiv of n-butyllithium complexed with TMEDA 
or l,4-diazabicyclo[2.2.2]octane (Dabco).7 Trapping exper
iments with benzophenone and 3,4,5-trimethoxybenzal- 
dehyde in the presence of Dabco afforded adducts 3m-n, 
the former of which was dehydrated with PTSA to give
5c.

Reaction of 2-mercapto-4,6-dimethylpyrimidine with 2 
equiv of n-butyllithium followed by benzyl chloride af
forded a complex mixture of products from which 7 was 
isolated in 29% yield, thereby providing evidence for the 
intermediacy of dianion 6. Pmr analysis o f the crude 
product mixture indicated the presence of S-benzylated 
products also.

To ascertain if there was any preference for dianion for
mation at one or the other of two activated, but nonequiv
alent, methyl groups, 2,6-dimethyl-4-hydroxypyrimidine
(8) was treated with 2 equiv of n-butyllithium and sepa
rate reaction mixtures were quenched with benzyl chlo
ride and n-butyl bromide. Alkylation with benzyl chloride 
gave monoalkyl derivatives lOa-b and dialkyl derivative 
10c in yields of 48, 13, and 7%, respectively, while alkyla
tion with n-butyl bromide gave the corresponding mono- 
and dialkylation products l l a - c  in yields of 39, 18, and 
8%, respectively (Scheme I). These results are consistent 
with predominant formation of dianion 9a.8 It seems un
likely that dialkylated products 10c and 11c arise through 
formation and alkylation of a dianion produced by ioniza
tion of both methyl groups but not the hydroxy function, 
or a trianion having both methyls and the hydroxyl ion
ized, since initial formation of such intermediates in the 
presence of 2 equiv of base should be cancelled by subse
quent proton-metal exchange to form dianions 9a and 9b. 
Moieover, it was demonstrated that treatment of 8 with 3 
equiv of n-butyllithium followed by benzyl chloride did 
not produce significantly higher yields o f 10c than those 
observed with 2 equiv of base. The most likely route to di
alkylated products 10c and 11c therefore appears to in
volve initial C-alkylation of either 9a or 9b followed by 
proton-metal exchange between monoalkylated deriva
tives lOa-b and l la -b  (as the O -Li salts) and original di
anions 9a-b to form the isomeric dianions resulting from 
abstraction of methyl protons from 10a or 10b and 11a or 
lib . Alkylation of these dianions then produces 10c and 
11c .

Scheme I
OH

10a, R =  CHAR, 10b, R =  CH2C6H5 1 0 c ,  R =  CHAR,
11a, R =  re-C4H9 lib, R =  n-C4H, 11c, R =  n-CR,

Although the foregoing results indicated that a 4- (or 6-) 
methyl substituent is more readily deprotonated than a
2-methyl group, we found that 2-methyl-4(3H)-quinazoli- 
none, which may be regarded as analogous to a 4-hydroxy-
2-methylpyrimidine, could be converted into dianion 12 
by means of uncomplexed n-butyllithium. Subsequent 
condensations of 12 with benzyl chloride, ethyl bromide, 
acetophenone, benzophenone, and anisaldehyde resulted
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in selective modification of the original methyl group to 
form 13a-e (Table I). These reactions apparently repre
sent the first examples of a'direct, general method for 
side-chain elaboration of 2-alkyl-4(3H)-quinazolinones.9

It should be noted that attempts to effect either ther
mal or PTSA-catalyzed dehydration of carbinols 13c and 
13d resulted only in retroaldol reactions. Such lability is 
attributed to the fact that these compounds exist largely 
as the lactam tautomers (14) where the strategically posi
tioned sp2 ring nitrogen acts as an intramolecular catalyt
ic center for retrocondensation.10 However, dehydration of 
13d to form 13f [R = CH=C(C6H5)2], without concurrent 
retroaldol reaction, could be realized by means of aqueous 
sulfuric acid. In this more acidic medium, protonation of 
the ring nitrogen may prevent intramolecular degradation 
of 13d, thereby allowing the normal mode of dehydration 
to become the major course of reaction.

0

Turning next to several representative 2-amino-4- 
methylpyrimidines, it was found that 2-anilino-4-methyl-
6-phenylpyrimidine (15a) underwent smooth twofold me
talation with n-butyllithium complexed with TMEDA or 
sodium amide in liquid ammonia to yield dianion 16a (M 
= Li or Na). Reactions of these dialkali salts with a repre
sentative series of electrophiles afforded methyl-substitut
ed derivatives 17a -f in good yields (Table I).

Conversion of 2-amino-4-methylpyrimidine (15b) into 
dianion 16b (M = Na) by means of sodium amide in liq
uid ammonia was incomplete, as evidenced by stilbene 
formation11 upon addition of benzyl chloride; the expect
ed C-alkyl derivative 17g was isolated in only 11% yield. 
Reactions of 15b with n-butyl lithium were characterized 
by some rather unexpected stoichiometry. Thus, treat
ment of 15b with 2 equiv of the alkyllithium reagent, fol
lowed by benzyl chloride, afforded only a 5% yield of 
phenethyl derivative 17g. Complexation of the organolith-

competition between metalation at the 4-methyl group 
and addition of the alkyllithium to the azomethine link
age. Subsequently it was found that 3 equiv of n-butylli- 
thium-TMEDA complex effected metalation of the 4- 
methyl group of 15b to an extent satisfactory for syntheti
cally useful condensations with electrophiles. For exam
ple, deuteration produced 15b containing 0.74 D/methyl 
group, while alkylation with benzyl chloride afforded 17g 
in 58% yield. Similarly, reactions with benzophenone, cy
clohexanone, piperonal, and heptaldehyde gave the antici
pated products 17h-k (Table I). Although we suspected 
that the metalated species involved in these reactions 
might be the trilithio salt resulting from abstraction of 
both amino protons and a methyl hydrogen from 15b,12 
this premise was negated by the absence of N-alkylated 
products and by the finding that deuterium oxide quench
es failed to incorporate more than one deuterium at the
2-amino group of 15b. It is therefore assumed that the 
major reactive intermediate in the observed condensations 
employing 3 equiv of alkyllithium-TMEDA complex is di
anion 16b (M = Li).

In conclusion, it should be pointed out that the present 
dianion approach to pyrimidine structure modification of
fers a facile new route to numerous hydroxy- and amino- 
pyrimidines from readily available starting materials 
without requiring construction of the heterocyclic ring 
from acyclic precursors.2 In the interest of experimental 
convenience and ease of dianion formation the use of n- 
butyllithium to sodium amide as the metalating agent is 
preferred.

Registry No.— la, 50324-02-2; lb, 6320-47-4; le HC1, 34289-60- 
6 ; 2a (Li), 50324-05-5; 2a (Na), 50324-06-6; 2b (Li), 50324-07-7; 2b 
(Na), 50324-08-8; 2c (Li), 50324-09-9; 2d (Li), 50324-10-2; 3a, 
27433-90-5; 3b, 27433-89-2; 3c, 50324-13-5; 3d, 50324-14-6; 3e, 
50324-15-7 ; 3f, 27433-91-6; 3g, 50324-17-9; 3h, 27433-92-7; 3i, 
50324-19-1; 3j, 50324-20-4; 3k, 50324-21-5; 31, 50324-22-6; 3m, 
50324-23-7; 3n, 50324-24-8; 5a, 27433-93-8; 5b, 50324-26-0; 5c, 
50324-27-1; 6 (Li), 50324-28-2; 7, 50324-29-3; 8, 6622-92-0; 9a, 
50324-31-7; 9b, 50324-32-8; 10a, 50324-33-9; 10b, 50324-34-0; 10c, 
50324-35-1; 11a, 50324-36-2; lib, 50324-37-3; 11c, 50324-38-4; 12 
(Li), 50324-39-5; 13a, 4765-57-5; 13b, 4765-54-2; 13c, 50324-42-0; 
13d, 50324-43-1; 13e, 50324-44-2; 13f, 50324-45-3; 15a, 50324-46-4; 
15b, 108-52-1; 16a (Li), 50324-48-6; 16a (Na), 50324-49-7; 16b (Li), 
50324-50-0; 16b (Na), 50324-51-1; 17a, 50324-52-2; 17b, 50324-53-3; 
17c HC1, 50324-54-4; 17d, 50324-55-5; 17e, 50324-56-6; 17f HC1, 
50324-57-7; 17g, 50324-58-8; 17h, 50324-59-9; 17i, 50324-60-2; 17j, 
50324-61-3; 17k, 50324-62-4; benzyl chloride, 100-44-7; benzophe
none, 119-61-9; cyclohexanone, 108-94-1; methyl benzoate, 93-58- 
3; anisaldéhyde, 123-11-5; heptaldehyde, 111-71-7; ethyl acetate,
141-78-6; 3,4,5-trimethoxybenzaldehyde, 86-81-7; ethyl bromide,
74-96-4; acetophenone, 98-86-2; 3,4-dichloro-4'-trifiuoromethyl- 
benzophenone, 34328-34-2; piperonal, 120-57-0; 2-chloro-4-methyl-
6-phenylpyrimidine, 32785-40-3; 2-mercapto-4,6-dimethylpyrimi- 
dine, 13139-97-4; 2-methyl-4(3f/)-quinazolinone, 1769-24-0.

R

15a, R, = R  = C6H5 
b, R, = R,= H

R

16a, R, = R> = C6H5 
b, R, = R.",= H

R

17
ium reagent (2 equiv) with TMEDA effected an increase 
in metalation of the 4-methyl group as shown by the for
mation of Î7g in 36% yield upon addition of benzyl chlo
ride. When 3 equiv of uncomplexed rc-butyllithium was 
employed, the yield of 17g was lowered to 24% owing to

Supplementary and Miniprint Material Available. Analyti
cal and pmr spectral data for all new compounds will appear fol
lowing these pages in the microfilm edition of this volume of the 
journal. Photocopies of the supplementary material and full-sized 
photocopies of the miniprinted material from this paper only or 
microfiche (105 X 148 mm, 24x reduction, negatives) containing 
all of the miniprinted and supplementary material for the papers 
in this issue may be obtained from the Journals Department, 
American Chemical Society, 1155 16th St., N. W., Washington,
D. C. 20036. Remit check or money order for $4.00 for photocopy 
or $2.00 for microfiche, referring to code number JOC-74-595.
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The addition of lithium and Grignard reagents to isocyanides not containing a hydrogens proceeds by an a 
addition to produce metallo aldimines. The lithium aldimines are versatile reagents which can be used as pre
cursors for the preparation of aldehydes, ketones, a diketones, a-hydroxy ketones, a-keto acids, a- and /5-hy
droxy acids, and silyl ketones.

There has been a paucity of work on the reaction of or- 
ganolithium and Grignard reagents with isocyanides. In 
1904 Sachs and Loevy3 added phenylmagnesium bromide 
to methyl isocyanide and detected benzaldehyde from the 
steam distillate. Gilman and Heckert4 24 years later veri
fied this reaction and reported isolating  a 2.5% yield of 
benzaldehyde; however, the use of ethyl isocyanide or 
tert-butyl isocyanide proved unsuccessful. In 1961, anoth
er attempt to use this reaction was made by Ugi,5 who 
showed, under a variety of conditions, that the reaction of 
phenylmagnesium bromide with cyclohexyl isocyanide 
gave only a 1.5% yield of benzaldehyde.

The recent discovery in our laboratory that organolithi- 
um reagents added to isocyanides6 prompted a reinvesti
gation of this problem. This paper deals with the a  addi
tion of organolithium and Grignard reagents to isocyan
ides to yield metallo aldimines (1) and the use of these 
metallo aldimines as precursors for the synthesis of a vari
ety of functional groups.

Results and Discussion
1-Metallo Aldimines. Metallo aldimines can be most 

simply prepared by the a addition of an organometallic 
reagent to an appropriate isocyanide.

RM +  R'N==C n = C ^ R ^  R 'N = C ^ R
R' M

1 2

|h3o -

R'NH,+ +  R C r

That metallo aldimine 1 is an intermediate is inferred 
from the fact that addition of water to 1 yields the aldi
mine 2, which can be isolated. Hydrolysis of 1 or 2 pro
duces the corresponding aldehyde and amine salt. To re
solve the question of whether 1 rearranges to give 3, the 
m etallo aldim ine  was quenched with D 2O (>99%) and 
then hydrolyzed. The deuterioaldehyde formed was shown 
by nmr analysis to have greater than 98% deuterium in

the 1 position, which confirms the structural assignment 
as I.

1*̂ -p /

c=ir —T
R3\

> <  / R '
R 2

11
M

1
H

la 3
M = Li, MgBr

However, during the deuterolysis of various halomag- 
nesium aldimines, it was observed that less than 100% of 
the deuterium was incorporated into the C -l position, and 
incorporation of some deuterium occurred at the C-2 posi
tion (Table III). Several explanations could be conjectured 
for the presence of deuterium at C-2. First, addition of 
Grignard reagents to isocyanides requires several hours at 
room temperature, in contrast to the rapid addition of 
lith iu m  reagents, and the long reaction tim e may permit 
rearrangement of la  to the more thermodynamically sta
ble 3. Secondly, the metallo aldimine la  could abstract a 
proton from the ether solvent and finally a C-2 hydrogen 
could be abstracted by la  during deuterolysis.

To determine if the lithium aldimine was stable to rear
rangement, two experiments were conducted. In the first 
experiment, ethyllithium was added to 1,1,3,3-tetrameth- 
ylbutyl isocyanide (TMBI) in diethyl ether at 0°. The 
mixture was stirred for 75 min, then quenched with a five
fold excess of D 2O. The aldimine was distilled, and from 
the nmr spectrum the relative deuterium content at C -l 
and C-2 positions was determined (the methylene protons 
of the 1,1,3,3-tetramethylbutyl moiety at 1.51 ppm were 
used as an internal standard). Only 86% incorporation of 
the deuterium occurred at C -l while 14% occurred at C-2. 
The observation that 100% of the deuterium was incorpo
rated into the aldimine suggests7 that la  is not abstract
ing a proton from the ether solvent, since if this were the 
case less than 100% deuterium would be incorporated.

The other experiment that was performed involved the 
addition of ethyllithium to TMBI in ether followed by 
stirring the reaction mixture at 0° for 6 hr. An inverse ad-
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Table ISynthesis of Aldimines and Aldehydes from the a  Addition of Organolithiums to Isocyanides

Registry no. RLi Solvent
Isonitrile 

(registry no.)
%  aldimine 

(registry no.)

Overall %  aldehydec 
(purity, % )  

(registry no.)

109-72-8 ra-Butyl Pentane T M B I 100“
(14542-93-9) (49707-47-3)

59830-1 sec-Butyl Pentane T M B I 100“
(49707-48-4)

/ï-Butyl Ether T M B I 93b (92)
(110-62-3)

sec-Butyl Ether T M B I 966 (94)
(96-17-3)

594-19-4 ier't-Butyl Ether T M B I 93 92
(49707-49-5) (630-19-3)

n-Butyl Ether T B D 92«
(7188-38-7) (49707-50-8)

811-49-4 Ethyl Ether D M P F 50»
(2769-71-3) (49707-51-9)

591-51-5 Phenyl Ether T M B I 45-67» 556 (87)
(49707-52-0) (100-52-7)

917-57-7 Vinyl Ether T M B I 0
Phenylethynyl Ether T M B I 0
sec-Butyl Ether T M B I 93A'’ 926'1' (98.6)

(34668-70-7) (25132-57-4)

“ Analytically pure crude product. b Purities were determined by vpc analysis. c Beilstein, “ H andbuch der organische Chemie, 
Dritte Teil,”  Friedrich Richter, Springer-Verlag, Berlin, 1959. d tert-Butyl isocyanide. 0 Crude yield, 90%  pure. ’ 2,6-Dim ethyl- 
phenyl isocyanide.» Yields based on nmr analysis o f crude product. h Y ield recovered after distillation. * 1-d compound.

dition was carried out in which the reaction mixture was 
transferred under anhydrous conditions to a stirred flask 
containing a fivefold excess of D2O in THF at -15°. The 
deuterium analysis showed 97% deuterium incorporation 
at C-l and only 3% at C-2.

From the analysis it was clear that la was not being 
converted to 3 to any appreciable extent, since only 3% 
was converted in this manner over a 6-hT period (usually 
the reaction is run for 15-30 min). It is concluded that 
deuterolysis at C-2 is occurring during the addition of D2O 
to the lithium aldfmine as shown in eq 1-3. It is suggested 

NR
II ^ N R

CH;jCH2r  +  D20  —  CH3CH2C ^  +  LiOD (1) 
id

readily react with organolithium reagents,9 it is necessary 
for the a carbon to be trisubstituted. This may account, 
in part, for the lack of success by the earlier workers to 
achieve a simple 1:1 a addition to isocyanides in which 
the alkyl groups were methyl and ethyl.3-4 A further limi
tation on the choice of isocyanide is that the a carbon 
cannot contain two or more aromatic groups, since the ad
dition of lithium Teagents to these isocyanides results in a 
isocyanide-lithium exchange reaction.10 Table I lists a 
number of isocyanides used in this study. In principle any

(Ar)zCN=C +  RLi —♦ Ar2CLi + RC=N

R R
R=CH3,Ar

^ N R
ch5ch2ccT

^ N R
+  CH3CH2C ^  

^ L i

^.NR ^ N R
CH3CHCT +  CH3CH2cf^

I D 
Li

(2)

^ N R
CH3CHcC  + D20

I D
Li

CHjCHCT + LiOD (3)
I

D
that to avoid this side reaction, reactions of métallo aldi
mines should be performed by the addition of the métallo 
aldimine to the substrate.

In summary, it can be stated that the 1-lithio aldimine 
is stable in solution and exists as structure la. It should 
be noted that in contrast to the above, the reaction of sec- 
butyllithium with TMBI followed by the addition of D2O 
to the reaction mixture resulted in incorporation of 97% 
deuterium at C-l. This result is not necessarily unexpect
ed, since the hydrogen atom at C-2 is now markedly re
duced in acidity. Table I summarizes the results of the a 
addition of lithium reagents to various isocyanides.Choice of Isocyanide. A convenient synthesis of isocy
anides has recently been published.8 The selection of the 
isocyanide for the preparation of métallo aldimines is im
portant. Since the a-hydrogen atoms of the isocyanide can

aryl or tert-alkyl isocyanide can be used, but the aryl iso
cyanides tend to oligomerize. The most convenient isocy
anide to use is TMBI, owing to its ease of preparation11 
and the fact that it is not offensively malodorous.Effect of Organometallic Reagent. As can be seen 
from Table I, primary, secondary, and tertiary aliphatic 
lithium reagents react very readily with TMBI to produce 
excellent yields of lithium aldimines or their hydrolysis 
product, aldehydes. Attempts to improve the yield (45- 
50%) of the phenylithium adduct, by varying the reaction 
temperature and solvent, failed. However, it was noted 
that by adding a 50% excess of phenyllithium a higher 
yield of aldimine (70%) was obtained. Vinyllithium and
2-propenyllithium did not give a simple a addition to 
TMBI. The reaction resulted in a complex mixture of 
products presumably due to further reaction of the initial
ly formed aldimine.

Based on the results with phenyllithium it appears that 
the lithium aldimine 1 is in equilibrium with the starting 
materials, phenyllithium and TMBI. An unfavorable 
equilibrium is probably also involved in the case of sodi
um diethylmalonate and lithium phenylacetylide, both of 
which failed to add to TMBI. If the McEwen-Streit- 
wieser-Applequist-Dessy pK a scale12 is related to the re
sults obtained (Table II), one concludes that the conjugate 
bases of acids with pKa < 3 7  will not add appreciably to 
TMBI. This is consistent with the observations by An-
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T a b le  II
R e la tio n  o f  S o m e  E n tries fr o m  th e  M cE w e n - 

S tre itw ie se r -A p p le q u ist -D essy pA'„ S ca le  to  th e  
R e su lt  W h en  th e  O rg a n o lith iu m  R ea gen t Is  A dd ed

to  T M B I in  a 1 :1  R a t io

RLi piCa of RH Results in ether

(EtO O C),CH 13 N o adduct“
P h C = C 18.5 N o adduct
Ph 37 50%  adduct
E t 42 100% after 45-60 min
7I-CiH 9 100% after 10-20 min
(CH 3) oCH 44
E tC H (C H 3) 100% after 0 -5  min
i-CjHg 44 100% after 0 -5  min

° Sodium malonate in T H F  was treated with T M B I.

T a b le  I II
A ld eh y d es  an d  a -K e to  A cid s  f r o m  A lk y l G rig n a rd  

R ea gen ts  an d  T M B I

RMgBr“ Solvent
Time,

hr
% aldehyde 
(registry no.).

%  a-keto acid 
(registry no.)

sec-Butyl Ether 3 67 (96)6 47
(1460-34-0)

ferf-Butyl T H F 24 48
n-Hexyl T H F 1.5 62

(111-71-7)
26
(328-51-8)

fi-Butyl T H F 1.5 34
(2492-75-3)

2-Phenylethyl T H F 1.5 63 (80)6 
(104-53-0)

Cyclopentyl T H F 1 .5 66 (89)6 
(872-53-7)

Phenyl T H F 18 2
selme13 as well as M eyers14 and Schollkopf15 on the reac
tion of alkoxide (ROH , p K a 18) with certain isocyan
ides. In the latter cases14 ’15 an equilibrium is established 
owing to the intramolecular nature o f the reaction.

As can be seen from Table III, Grignard reagents do not 
react as well as lithium reagents. M oreover, phenylmag- 
nesium bromide does not add to any appreciable extent. 
This observation provides another reason for the lack of 
success that the earlier workers3-5 experienced in their at
tem pts to obtain a simple 1:1 a  addition to isocyanides. 
Again, this result may in part be due to an unfavorable 
equilibrium which, in the case o f phenylmagnesium bro
mide, lies more to the side o f the starting reagents.

R ea ction s o f  L ith ium  A ld im ines. The lithium aldimine 
reagents may be viewed as masked acyl carbanions16 sim 
ilar in principle to those devised by Corey and Selbach16 
(lithiodiathiane), Stork17 (magnesium enamines), and 
M eyers18 (dihydro-1,3-oxazine system ). Thus deuterolysis 
o f 1 provides a simple and inexpensive synthesis o f 1-deu- 
terioaldehydes (Table I). Carbonation o f 1 yields the cor
responding a-keto acid in good yields and treatment of 1 
with ethyl chlorocarbonate provides the corresponding 
ethyl ester.

Chart I
Reactions of Lithium Aldimine"

Ph— CH— C.
I

OH
81%

\ R'

0
II

(CH3)3SiCv

40%
"R'

“ R = 1,1,3,3,-tetramethylbutyl and R' = 
butyl, or phenyl; see Experimental Section.

0  0
Il II

R'C— G  Et
CT

64%

ra-butyl, ethyl, sec-

Chart I shows the different types o f reactions that have 
been carried out using lithium aldimines. Alkylation with 
ethyl and methyl halides proceeds in good yields to give 
upon hydrolysis the corresponding ketones. Isopropyl io-

“ Concentration o f Grignard reagents was ca. 0.1 M . 
b Per cent deuterium at C - l  as determined by nmr.

dide did not alkylate; presumably elim ination occurred. 
However, trimethylsilyl chloride reacted quite well but 
hydrolysis o f the intermediate imine proved difficult. Var
ious attem pts (steam distillation from am m onium  chlo
ride, sat. hydrochloric acid at 0°, pyruvic acid or dil. hy
drochloric acid in methanol at room temperature) resulted 
in approximately 50% yields o f silyl ketone and 50% yield 
o f aldehyde and hexamethylsiloxane. Reaction o f I with 
benzaldehyde leads to the formation o f a-hydroxy ketones 
and with propylene oxide to isolable -hydroxy ketones.

O
II

R'— C. +  RNH3
Si(CH3)3

+  0[Si(CH3)3]2

It should also be recognized that this system has great 
potential for the syntheses of labeled com pounds. For ex
ample, pyruvic acid may be conveniently labeled on four 
atoms by the following route.

R— NH,
och3

RNHC.* \ R N = £  Ä
H

r n = c ;

* 0 *
.ch3

Li

lco2
2. H30* *

II
*c h 3— c —

^ 0
- c r  :H

E xperim ental Section 19

Bulk solvents were distilled before use. Reagent grade diethyl 
ether, tetrahydrofuran (THF), and dimethoxyethane were dis
tilled from lithium aluminum hydride prior to use. Infrared spec
tra were taken neat or in solution (0.5-mm sodium chloride cell) 
on a Perkin-Elmer Model 247. Nmr spectra were obtained on 
Varian Associates A-60 and Brucker 90 spectrometers using TMS 
as internal standard.

Vapor phase chromatography was conducted on an F & M 
Model 500 programmed temperature gas chromatograph with a 
thermistor detector. All melting points were taken with a Mel- 
Temp apparatus. The partial immersion thermometer was cali
brated over the range of 81-235°. The addition reactions to tert- 
butyl isocyanide (TBI) and 2,6-dimethylphenyl isocyanide
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(DMPI) were carried out in a manner identical with that de
scribed forTMBI.

2-(iV-2-Methylbutylideneamino)-2,4,4'trimethylpcntane. A
solution of 0.982 g (0.00704 mol) of 1,1,3,3-tetramethylbutyl isocy
anide (TMBI) in 70 ml of pentane was treated with 0.00711 mol of 
sec-butyllithium in hexane while stirring at 25°. After 10 min, 
0.38 ml of water was added, and the mixture was stirred for 15 
min to yield 1.4 g (quantitative yield) of the aldimine after filter
ing and evaporating off the solvent. The product needed no fur
ther purification: bp 85.5° (10 mm); ir (neat) 1667 (m), 1464,
1366, 1223 cm -1; nmr (CCU) S 0.85-1.75 (m, 25), 2.18 (m, 1, CH),
7.50 (d, 1 ,J=  4.6 Hz, -N =C H ).

Anal. Calcd for Ci 3H27N: C, 79.11; H, 13.79. Found: C, 79.38; 
H, 13.68.

2-(A'-Pentylideneamino)-2,4,4-trimethylpentane. In like man
ner, 0.5 g (0.00359 mol) of TMBI in pentane was treated with 
0.00369 mol of a hexane solution of n-butyllithium. A quantita
tive yield, 0.71 g, of the aldimine was obtained which needed no 
further purification: bp 89.5° (10 mm); ir (neat) 1667 (m), 1469,
1367, 1223 c m -1; nmr (CCU) 6 0.88-1.75 (m, 24), 2.23 (m, 2, 
CH2), 7.65 (t, 3 ,J  = 4.5 Hz, -N =CH ).

Ana!. Calcd for C13H27N: C, 79.11; H, 13.79. Found: C, 79.3; H,
13.7.

2-(N-l-d-2-Methylbutylideneamino)'2,4,4-trimethyIpentane.
The reaction was carried out as above. However, D20  (>99%) 
was used to quench the lithium aldimine, and 1,4 g of the Z-d-al- 
dimine was obtained: bp 85.5° (10 mm); nmr (CCU) <5 0.85-1.75 
(m, 25), 2.23 (m, 1), 7.50 (d, <0.02).

f-d-2-MethyIbutanal. To 35.1 ml (0.2 mol) of TMBI in 300 ml 
of ether under nitrogen was added, with mechanical stirring at 0° 
(ice-salt bath), 0.2 mol of sec-butyllithium (in hexane) at a rate 
such that the temperature never exceeded 5°. After an additional 
15 min of stirring, 8 ml (0.4 mol) of D20  (<99%) was injected into 
the reaction mixture. Filtration of the mixture followed by evapo
ration of the solvent gave the aldimine, which was distilled, bp
52.5-54° (1.5 mm), to give 36.9 g (0.186 mol). Steam distillation 
from 200 ml of an oxalic acid solution (2 M) gave 16.0 g (0.184 
mol) of the 1-d-aldehyde: yield 92% overall; ra30D 1.3896; purity 
98.6% by vpc analysis (LS-40); isotopic purity 97.9% by nmr 
analysis; nmr (neat) 6 9.79 (d, 0.021, J = 1.8 Hz); bp 92°; 2,4- 

'DNP mp 128.5-130° (lit.20 mp 129-130°).
f-d-2,2-Dimethylpropanal. Similarly, to 35.1 ml (0.2 mol) of 

TMBI in 400 ml of ether under nitrogen was added, with mechani
cal stirring at -15°, 0.2 mol of tert-butyllithium (in pentane). D20  
(>99%, 8 ml, 0.4 mol) was injected into the reaction mixtures with 
continued external cooling. Filtration of the mixture, fol
lowed by evaporation of the solvent, gave the aldimine, which 
was distilled, bp 48-50° (3.2 mm), to give 37.2 g (0.186 mol, 93%). 
Steam distillation afforded 16.0 g (0.184 mol, 92% yield) of the 1- 
d-aldehyde: chemical purity 99% by vpc analysis (LS-40); isoto
pic purity 98% by nmr analysis, nmr (neat) 5 9.33 (s, 0.018); bp 
75°; 2,4-DNP mp 211-213° (lit.20 mp 209-211°).

2- Oxo-3-methylpentanoic Acid. To a stirred solution of 3.76 g 
(0.027 mol) of TMBI dissolved in 27 ml of ether at 0° under a ni
trogen atmosphere was added 0.026 mol of sec-butyllithium (in 
hexane). After 10 min, the solution was added dropwise to an 
ether slurry of Dry Ice. The solvent was evaporated and the car
bonated imine was refluxed in an oxalic acid solution for 15 min. 
Extraction with methylene chloride, followed by evaporation of 
solvent, gave 2.8 g (0.021 mol, 80%) of the keto acid: ir (CCU) 
3410 (m), 1785 (s), 1715 cm ' 1 (s, broad); nmr (CCU) & H.79 (s, 
1); purity 95% by vpc analysis; 2,4-DNP mp 169-170° (lit.20 mp 
171°).

3- Heptanone. To a stirred solution of 20.9 g (0.15 mol) of 
TMBI dissolved in 150 mol of the THF at -10° under a nitrogen 
atmosphere was added 0.15 mol of n-butyllithium (in hexane). 
After 30 min the solution was cooled to -75°, and 17 g (0.155 mol) 
of ethyl bromide in 50 ml of THF was added dropwise. The solu
tion was warmed to 0°, taken up in pentane, washed with water, 
dried (sodium sulfate), and evaporated to yield an oil which was 
distilled, bp 68° (0.25 mm). The ketimine, 30.2 g (0.134 mol), was 
hydrolyzed by steam distillation from an oxalic acid solution (2 
M) to yield 13.6 g (0.131 mol, 87%): bp 149.5°; ir (neat) 1711 
cm 1 (s); semicarbazone mp 99.5-101° (lit.21 mp 99-110°).

1 -Hydroxy- 1-phenylbutanone. To a stirred solution of 6.95 g 
(0.05 mol) of TMBI in 50 ml of THF at -10° under a nitrogen at
mosphere was added 0.05 mol of ethyllithium (in benzene). After 
1 hr, 5.3 g (0.05 mol) of benzaldehyde in 25 ml of THF was added 
at -5 0  to -60° (Dry Ice-acetone). The solution was stirred for 1 
hr, after which 1.5 ml of water was added. The solvent was fil
tered and evaporated and the hydroxyl imine was then hydro

lyzed with dilute hydrochloric acid and methanol (2 hr) to yield
7.5 g of the crude hydroxy ketone. Distillation gave 6.7 g (0.041 
mol, 81%), bp 69° (0.2 mm) [lit.20 bp 124-128° (11 mm)].

2-Hydroxy-4-octanone. To a stirred solution of 13.9 g (0.1 mol) 
of TMBI dissolved in 100 ml of THF at —10° under a nitrogen at
mosphere was added 0.1 mol of n-butyllithium (in hexane) After 
30 min 6.85 ml (0.105 mol) of propylene oxide in 25 ml of THF 
was added dropwise. After continued stirring for 30 min, the solu
tion was taken up in pentane, washed with water, and evaporated 
to yield the hydroxy ketimine. Hydrolysis to the hydroxy ketone 
was accomplished by refluxing the imine in a solution of 75 ml of 
THF, 25 ml of ether, 10 ml of H20, 10.5 g (0.2 mol) of ammonium 
chloride, and 0.1 ml of concentrated hydrochloric acid for 16 hr. 
Extraction with methylene chloride gave, after drying (sodium 
sulfate) and evaporating the solvent, 9 g (0.09 mol, 90%) of the 
hydroxy ketone: bp 61-62° (1 mm) [lit.22 bp 86-87° (5 mm)]; ir 
(neat) 3420 (broad), 1703 cm-1 (s); nmr (CC14) S 0.7-1.7 (m, 7, 
CH3CH3CH2-), 1.10 (d, 3, J = 6 Hz, CH3), 2.44 (d, 2, J = 6.3 Hz, 
CH2), 2.38 (t, 2, J  = 7 Hz, CH2), 4.03 (s, 1, OH), 4.06 (sextet, 1, J 
= 6 Hz, CH); iV-phenylcarbamate mp 55-56°, ir (CCU) 3452, 
1741, 1718 c m -1.

Anal, (carbamate) Calcd for Ci 5H21NO: C, 68.41; H, 8.04; N,
5.32. Found: C, 68.27; H, 8.19; N, 5.24.

2- {N- l-Trimethylsilylpropylideneamino)-2,4,4-trimethylpen- 
tane. To a stirred solution of 10.5 g (0.075 mol) of TMBI dissolved 
in 150 ml of THF at -5 °  under a nitrogen atmosphere was added 
0.075 mol of ethyllithium (in benzene). After 45 min the solution 
was cooled to -75°, and 8.1 g (0.075 mol) of trimethylchlorosilane 
in 25 ml of THF was added dropwise. The solution was warmed 
to 0°, and 1.5 ml of saturated sodium carbonate solution was 
added. The solvent was evaporated to dryness, the residue was 
triturated with pentane (leaving behind the insoluble salts), and 
the pentane was evaporated, yielding 17.0 g of the crude imine. 
Distillation afforded 14.5 g (0.6 mol, 80%) of the product: bp
44.5-45° (0.005 mm); ir (neat) 1601 (m), 1245 (s), 834 cm-1 (s); 
nmr (CCI4-CHCI3) 5 0.21 [s, 9, Si(CH3)3], 1.09 [s, 9, C(CH3)3], 1.14 
(t, 3, J  = 7.5 Hz, CH3), 1.39 [s, 6, C(CH3)2], 1.74 (s, 2, CH2), 2.50 
[q, 2 , J -  7.5 Hz, CH2].

Anal. Calcd for C^HaiNSi: C, 69.62; H, 12.94; N, 5.80. Found: 
C, 69.75; H, 12.95; N,5.81.

Ethyl 2-[iV-(2-Phenyl-2-butyl)]imino-3-methyIpentanoate. To
a stirred solution of 4.35 g (27.3 mmol) of 2-phenyl-2-butyl isocy
anide dissolved in 50 ml of ether at 0° under nitrogen was added
29.6 ml of 0.97 M  sec-butyllithium solution in cyclohexane and 
the mixture was stirred for 30 min. After cooling to -20° the reac
tion mixture was added dropwise to a stirred solution of 15 g 
(0.138 mol) of ethyl chlorocarbonate in 80 ml of THF at -78° and 
then stirred overnight at ambient temperature. Filtration and 
distillation of the product at reduced pressure gave 5.07 g (64%) 
of ethyl 2-[iV-(2-phenyl-2-butyl)]imino-3-methylpentanoate: bp 
100-102° (0.25 mm); ir (CCU) 1735 (s), 1665 (m, broad), 699 cm" 1 
(m); mass spectrum m/e (measured mass) 289.2032 (calcd for 
Ci8H27N 02, 289.2041).

Grignard Addition to TMBI. The addition of Grignard re
agents was performed in an identical manner with that of the 
lithium reagents. The results are recorded in Table III. Two typi
cal experiments are given.

3- Methyl-2-oxopentanoic Acid. The Grignard reagent of 2-bro- 
mobutane was prepared in the usual manner from 3.62 g (D.150 
mol) of magnesium and 20.6 g (0.150 mol) of 2-bromobutane in 
150 ml of tetrahydrofuran. To this solution was added 10.4 g (0.75 
mol) of TMBI and the mixture was stirred for 4 hr. This solution 
was transferred under a nitrogen atmosphere to an addition fun
nel and then added to an ether solution which had been cooled to 
-78° and saturated with carbon dioxide. After the solution had 
warmed to room temperature, the mixture was hydrolyzed with 
dilute hydrochloric acid by refluxing for 15 min. The solution was 
then extracted with sodium bicarbonate solution, and after acidi
fication of the aqueous layer and extraction with ether, the organ
ic layer was dried over sodium sulfate. Evaporation of the ether 
gave an oil (7.5 g) which on analysis by nmr gave a yield of 48%
3-methyl-2-oxopentanoic acid and 32% 2-methylbutyric acid. The 
a-keto acid gave ir (neat) 3410, 2970, 2930, 2870, 1785, 1715, 1510, 
1460, 1381, 1340, 1165, 1040, 980, 950 c m -1; nmr (CC14) 1.1 (m, 6 
H), 1.58 (m, 2 H), 3.28 (m, 1 H), 11.62 (s, 1 H).

Z-d-2-Methylbutyraldehyde. The Grignard reagent of sec-butyl 
bromide was prepared in the usual manner from 3.62 g (0.150 
mol) of magnesium and 20.6 g (0.150 mol) of sec-butyl bromide in 
150 ml of tetrahydrofuran. To the Grignard solution was added, 
by means of a syringe, 14.2 g (0.102 mol) of 1,1,3,3-tetramethyl
butyl isocyanide and the mixture was stirred at room tempera-

^ i



604 J. Org. Chem., Vol. 39, No. 5, 1974 Hirowatari and Walborsky

ture for 4 hr. To the solution cooled at 0° was added 6.1 g (0.306 
mol) of D20  followed by an additional 100 ml of water. After ex
traction with 2 X 100 ml of diethyl ether, the organic layer was 
washed with a saturated sodium chloride solution and dried over 
sodium sulfate. After evaporation of the ether the aldimine was 
distilled, yielding 13.65 g (0.0695 mol, 67.75%), bp 52-54° (1.5 
mm).

Steam distillation of the aldimine from 17.2 g (0.14 mol) of 
aqueous oxalic acid gave 5.85 g (0.069 mol, 67%) yield of l-d -2 - 
methylbutyraldehyde. The per cent deuterium incorporation was 
determined by nmr at S 9.54 to be 96%.
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Carboxylation or carbéthoxylation of the lithium aldimines formed by the a addition of ethyllithium, sec- 
butyllithium, and isopropyllithium to (± )- or (/?)-(+ )-2-phenyl-2 butylisonitrile produced the corresponding a- 
imino acid or ester. Optically active a-amino acids were synthesized by the reduction, under a variety of condi-
tions, of the a-imino acids and esters.

The use of lithium aldimines as useful synthetic inter
mediates for the preparation of aldehydes, a-keto acids, 
ketones, acyloins, a-diketones, and silyl ketones has pre
viously been reported.2’3 The use of lithium aldimines as 
precursors for the syntheses of optically active a-amino 
acids is the subject of this paper.

Results and Discussion
Chart I outlines the procedure used for the preparation 

of a-amino acids.
The a addition of see-butyllithium, isopropyllithium, 

and ethyllithium to 2-phenyl-2-butylisonitrile (1) proceeds 
quite readily to yield the corresponding lithium aldimines
(2). Treatment of 2 with carbon dioxide or ethyl chlorofor- 
mate produced lithium imino carboxylate salt 3 and ethyl 
a-imino carboxylate (5), respectively. In contrast to the 
case of imines produced from a-keto acids and a-alkyl- 
benzylamine,4 attempted concomitant hydrogenation and 
hydrogeiiolysis of 3 by the use of palladium hydroxide5 did 
not give good results. However, the direct reduction of the 
corresponding ester 5 did proceed, although in poor yields, 
to give a-amino acids. Most of the reductions in our stud
ies were carried out in a stepwise fashion using 3 or 3* as 
substrate. The doublé bond was first reduced with either

lithium or sodium borohydride, diborane, diisopinocam- 
pheylborane, or triisopinocampheylborane and the result
ing amine hydrochlorides were debenzylated by catalytic 
hydrogenolysis to produce the a-amino acids. These re
sults are summarized in Table I.

The a-amino acids isolated using standard procedures6 
contained slight impurities7 which were difficult to re
move. Therefore, all optically active a-amino acids were 
converted into their 2,4-dinitrophenyl derivatives8 and 
purified, without attempted resolution, by use of a Celite 
column.9 The diastereomeric ratio of racemic isoleucine to 
alloisoleucine (R = sec-butyl) was determined by nmr 
based upon the a-methine proton absorptions.10 Catalytic 
reduction of 5 gave a mixture (ratio 1.3) in which isoleu
cine predominated, whereas stepwise reduction gave a 
mixture (ratio 0.7) richer in alloisoleucine. As can also be 
seen (Table I) the direct hydrogenation and hydrogenol
ysis of the imino ester 5 or 5* is not a very satisfactory 
method, since one obtains a low overall yield and a very 
small optical induction. The stepwise reduction of 3 or 3* 
is the preferred method since the optical yields are rea
sonably good. It should be recognized that since lithium 
borohydride and diborane exhibit similar stereoselectivi
ties in the reduction of 3*, the former is obviously the re-
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Table I
Amino Acids Obtained by Reduction of Imino Group

Overall ,----- Free amino acid6----- . - -DNP amino acid*7—*
Imine yield, Configura- Optical Optical

Registry no. reduced R Reducing agents® % tion [ a ] 27B48 purity, % [ a p ’ D purity, %

49707-59-7 5 sec-Butyl H 2/P d (O H ) 2 34 57 /43d
49690-14-4 3 sec-Butyl L iB H i 85 42/58^

3 sec-Butyl b 2h 6 82 42 /58d
49690-15-5 3 Ethyl L iB H i 70

3 Ethyl b 2h „ 64
3 Ethyl C - ) -R 2BH« 57 Sh +  2 .9 11 (12) +  15.0 16 (17)
3 Ethyl ( + ) - R 2BH t 58 R' - 3 . 5 13 (15) - 1 3 .3 14 (16)
3 Ethyl ( - ) - R 2B H R B H 2‘ 45 S +  2 .0 8 (9) +  8 .1 9 (10)

49844-62-4 5* Ethyl H 2/P d (O H ) 2 23 R - 0 .8 3 - 8 . 4 9
49844-63-5 3* Ethyl LiBH*« 77 R - 1 3 .7 52 - 5 2 .1 55

3* Ethyl LiBH„ 63 R - 1 5 .0 57 - 5 9 .3 63
3* Ethyl B 2H 66' 66 R - 1 4 .5 55 - 5 2 .6 56
3* Ethyl B 2H t, 57 R - 1 4 .6 55 - 5 8 .3 62

49690-16-6 3 Isopropyl N aB H 4 83
3 Isopropyl C - ) -R 2B H “ 42 Si +  12.6 40 (43) +  41 .7 42 (45)
3 Isopropyl (+ )-R ,B H t 43 R k - 1 0 .4 33 (37) - 3 5 .2 35 (39)
3 Isopropyl ( - ) - R 2B H R B H 2“ 38 S +  8 .7 28 (30) +  34.7 35 (37)

49844-64-6 5* Isopropyl H 2/P d (O H ) 2 29 R - 0 .2 0 .6 - 3 . 6 4
49844-65-7 3* Isopropyl L iB H 4 80 R - 1 7 .6 56 - 6 2 .3 62

3* Isopropyl b 2h 6 81 R - 1 6 .6 53 - 5 4 .5 54

“ All metal hydride reductions were followed by P d(O H )2 hydrogenolysis. 6 Specific rotations o f  all free amino acids were 
obtained using 5 N  HC1 as solvent; optical purities were calculated using for R  =  sec-butyl, [a]®546 + 2 6 .4 ° (c 1.47, 5 N  
HC1); R  =  isopropyl, [a ]27r,4s + 3 1 .2 °  (c 1.57, 5 N  HC1); values in parentheses are corrected for the optical purity o f  a- 
pinene, 93.5% [( +  )-«-pinene, 89% ]. “ Based on the observed specific rotation o f authentic samples: D N P -(S )-butyrine, 
[a ]nD + 9 4 .1 °  (c 0.27, lIV N a O H ); D N P-(S)-valine, [<*]21D + 1 0 0 .2 °"(c 0.26, 1 N  N aO H ). Values in parentheses are cor
rected for the optical purity o f  a-pinene. d The diastereomeric ratio o f  isoleucine to alloisoleucine is based upon the a-methine 
nmr proton absorption. “ Prepared from ( —)-a-pinene and diborane. ■''Prepared from  ( +  )-<*-pinene and diborane. » W orked 
up under alkaline conditions. h Registry no.: free amino acid, 1492-24-6; D N P  amino acid, 4470-69-3. ’ Registry no.: free 
amino acid, 2623-91-8; D N P  amino acid, 72-18-4. ’ Registry no.: free amino acid, 6367-34-6; D N P  amino acid, 1694-97-9. 
k Registry no.: free amino acid, 640-68-6; D N P  amino acid, 37696-35-8.
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Asymmetric Syntheses of 
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agent o f choice. Moreover, based on optical yields, the re
duction o f 3* with achiral borohydrides is superior to the 
reduction o f 3 with chiral borohydrides. It should also be 
noted that reduction o f (R)-3* and (R)-5* leads to the for
mation of R  amino acids.

The results o f the reduction o f 3 with chiral borohy
drides lead to the following observations. ( 1) Diisopino- 
campheylborane and triisopinocam pheylborane prepared 
from (- )-a -p in e n e  lead to the formation o f S am ino acids. 
(2) Diisopinocam pheylborane exhibits slightly higher opti
cal yields than triisopinocam pheylborane.11 (3) Higher 
optical yields are observed for valine (R  =  isopropyl) than 
for butyrine (R  =  ethyl), presum ably owing to the greater 
steric interaction o f the isopropyl group.

Interpretation o f our results in terms o f transition state 
models postulated12 for asym metric reduction o f olefins is 
not possible, since our system is more com plicated. The 
addition may not involve a four-centered transition state12 
owing to the possible com plexing o f the borane with the 
nonbonding pair o f electrons on the nitrogen. Moreover, it 
is also difficult to assess at this time the effect o f geom et
ric isomerism of these imines on the steric course of the 
reduction.

Experimental Section
Melting points were determined in capillary tubes using a Mel- 

Temp apparatus with a calibrated thermometer. Infrared spectra 
were obtained with a Perkin-Elmer Model 257 infrared spectro
photometer. Solution spectra were run using either carbon tetra
chloride or chloroform solutions in a 0.5-mm sodium chloride cell.
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Optical rotations were measured at the 546-nm line of mercury 
and o line of sodium on a 0 . C. Rudolph and Sons. Inc. Model 80 
No. 714 polarimeter. Nmr spectra were obtained on a Varian As
sociates A-60 and a Brucker 90 spectrometer. Nmr spectra of 
amino acids were determined as a solution in deuterium oxide 
with TMS as external standard using a Brucker 90 spectrometer.

2-Amino-3-methylpentanoic Acid (Isoleucine and Alloisoleu- 
cine). A. Lithium Borohydride Reduction. To a stirred solution 
of 1.59 g (10 mmol) of racemic 2-phenyl-2-butyl isonitrile dis
solved in 500 ml of anhydrous ether at 0° under a nitrogen atmo
sphere was added rapidly 11.0 ml of 0.97 M  sec-butyllithium solu
tion in cyclohexane. The mixture was stirred at 0° for 30 min and 
added dropwise to an excess of carbon dioxide in ether at - 20°. 
The solvent was removed in vacuo to give the carboxylated ¡mine 
[ir (CHCI3) 1620 cm' 1 (s)], which was dissolved in 50 ml of anhy
drous tetrahydrofuran (THF), treated with 0.22 g (10 mmol) of 
lithium borohydride at —10°, and stirred at room temperature for 
2 days. After the mixture was cooled to -15°, dilute hydrochloric 
acid was added to decompose excess lithium borohydride. The 
solvent was removed in vacuo and the remaining aqueous solution 
was extracted with ether and concentrated to dryness. Three 
20-ml portions of water were added and evaporated to remove hy
drochloric acid, and three 20-ml portions of absolute ethanol and 
then four 30-ml portions of benzene were added and evaporated to 
remove water. The residue was extracted thoroughly with anhy
drous benzene to filter off the boron compound. Removal of the 
solvent afforded crude 2-[Ai-(2-phenyl-2-butyl)]amino-3-methyl- 
pentanoic acid hydrochloride in quantitative yield as a white 
powder: mp 57-119°; ir (CHCI3) 3400-2400 (broad), 1710 (m), and 
1570 cm' 1 (s). An analytical sample was obtained by recrystalli
zation from ether-ethyl acetate: mp 95-129°; ir (KBr) 3400-2360 
(broad), 1730 (m), 1565 (s), 765 (s), and 700 cm ' 1 (s).

Anal. Calcd for Ci 6H26C1N02: C, 64.09; H, 8.74; N, 4.67. 
Found: C, 64.26; H, 8.85; N, 4.54.

The crude hydrochloride (1.44 g, 4.81 mmol) dissolved in 50 ml 
of 95% ethanol was subjected to hydrogenolysis using 0.5 g of pal
ladium hydroxide on carbon catalyst5 and 2 ml of 0.01 N  hydro
chloric acid. The mixture was stirred under 3.5 atm pressure of 
hydrogen at room temperature for 12 hr. The catalyst was filtered 
and washed with 95% ethanol and the combined filtrates were 
evaporated in vacuo. The residue, dissolved in 50 ml of water, 
was extracted with ether and the aqueous layer was concentrated 
to 10 ml. The amino acids were isolated according to a published 
procedure6 and there was obtained 0.54 g (85% overall yield based 
on the isonitrile) of the product, identified by comparison of the ir 
spectrum in potassium bromide and the nmr spectrum in deuteri
um oxide with those of an authentic sample. The diastereomeric 
ratio of isoleucine to alloisoleucine was 42:58 based upon the a- 
methine proton nmr absorptions.

B. Hydroboration. The carbonated imine (10 mmol), prepared 
as described above, was dissolved in 40 ml of THF and treated 
with 7.4 ml of a 1.44 M  solution of diborane in THF at —15° and 
the mixture was stirred at 2-3° for 3 hr.13 After cooling to -20° 
dilute hydrochloric acid was added and the mixture was worked 
up as described above to afford the hydrochloride in quantitative 
yield: mp 55-125°; ir (CHCI3) was superimposable with that of 
the hydrochloride of an authentic sample.

The crude hydrochloride (1.46 g, 4.87 mmol) was hvdrogeno- 
lyzed according to the procedure described above and 0.52 g (82% 
overall yield) of the amino acids was obtained. The diastereomer
ic ratio was 42:58.

C. Via Ester. To a stirred solution of 4.35 g (27.3 mmol) of the 
racemic isonitrile dissolved in 50 ml of ether at 0° under a nitro
gen atmosphere was added rapidly 29.6 ml of 0.97 M  sec-butylli
thium solution in cyclohexane and the mixture was stirred for 30 
min at 0°. After cooling to —20° the mixture was added dropwise 
to a stirred solution of 15.0 g (0.138 mol) of ethyl chloroformate in 
80 ml of THF at -78° and stirred overnight at room temperature. 
Filtration of lithium chloride and distillation of the residue under 
reduced pressure gave 5.07 g (64.1%) of ethyl 2-[IV-(2-phenyl-2- 
butyl)]imino-3-methylpentanoate: bp 100-102° (0.25 mm); ir 
(CCI4) 1735 (s), 1665 (m, broad), 699 cm" 1 (m); mass spectrum 
m/e (measured mass) 289.2032 (calcd for Ci8H27N0 2, 289.2041).

A mixture of 2.02 g (7 mmol) of the imino ester and 1.0 g of 
palladium hydroxide on carbon catalyst in 30 ml of anhydrous 
benzene was shaken under 3.5 atm pressure of hydrogen at room 
temperature for 3 days. The catalyst was filtered and washed 
with benzene. The combined filtrates were extracted with 50 ml 
of 3 N  hydrochloric acid. From the organic layer there was ob
tained 0.97 g of a mixture which consisted of 35% of sec-butylben- 
zene and 23% of ethyl 3-methyl-2-oxopentanoate. The latter was

obtained by hydrolysis of the imine ester with dilute hydrochloric 
acid in 66.2% yield: bp 66-67° (15 mm) [lit.11 bp 78-79° (15 mm)]; 
ir (CCU) 1735 cm' 1 (s, broad); nmr (CCI4) 0.90 (t, 3, J = 7 Hz),
1.09 (d, 3, J  = 7 Hz), 1.35 (t, 3, J  = 7 Hz), 1.63 (m, 2), 3.03 (sex
tet, 1), 4.26 (q, 2, J  = 7 Hz); 2,4-DNP mp 106-106.5° (needles 
from ethanol); ir (CCI4) 3290 (w), 3210 (w, broad), 3100 (w), 1735 
(w), 1710 (m), 1625 (s), 1510 (s), 1345 cm' 1 (s).

Anal. (2,4-DNP) Calcd for CMH18N406: C, 49.70; H, 5.36; N, 
16.56. Found: C, 49.60; H, 5.34; N, 16.55.

The aqueous layer was refluxed for 6 hr, extracted with ether, 
and concentrated to dryness. To the residue 30 ml of water was 
added and evaporated and the residue was dissolved in 10 ml of 
water and desalted to afford 0.48 g (52%, 34% overall yield based 
on the isonitrile) of the amino acid. The diastereomeric ratio was 
57:43.

2-Aminobutyric Acid (Butyrine). A. Hydroboration. To a
stirred solution of 0.80 g (5 mmol) of 2-phenyl-2-butyl isonitrile 
dissolved in 30 ml of anhydrous ether at 0° under a nitrogen at
mosphere was added rapidly 5.1 ml of 1.0 Ai ethyllithium solution 
in benzene and the mixture was stirred at 0° for 1 hr. After cool
ing to -78° the mixture was added to a large excess of carbon 
dioxide in ether at -40°. The solvent was evaporated to leave the 
carbonated imine [ir (CHCI3) 1630 cm' 1 (s)[, which was dissolved 
in 50 ml of THF and treated with 4.0 ml of 1.3 M  diborane solu
tion in THF at -15°. The mixture was stirred at 2-3° for 3 hr and 
decomposed with dilute hydrochloric acid. After removal of THF, 
the aqueous solution was extracted with ether, concentrated to 
dryness, and worked up as previously described to yield 1.17 g 
(86.2%) of crude 2-[Af-(2-phenyl-2-butyl)]aminobutyric acid hy
drochloride as a white powder: mp 66-113°; ir (CHCI3) 3400-2400 
(broad), 1715 (m), and 1575 cm' 1 (s). An analytical sample was 
obtained by recrystallization from ether-ethyl 'acetate-acetone: 
mp 173-175°; ir (KBr) 3530 (w, broad), 2450 (w, broad), 3090 (m, 
broad), 2740 (s, broad), 2510 (m), 2420 (m), 1720 (m), and 1570 
cm" 1 (s).

Anal. Calcd for C14H22C1N02: C, 61.87; H, 8.16; N, 5.15. 
Found: C, 61.63; H, 8.14; N, 5.14.

The crude hydrochloride (1.14 g, 4.2 mmol) was subjected to 
hydrogenolysis to give 0.32 g (64% overall yield) of the amino 
acid. Identity was confirmed by comparison of the infrared spec
trum and nmr spectrum with those of an authentic sample.

B. Lithium Borohydride Reduction. The carbonated imine (10 
mmol) prepared as described above was dissolved in 50 ml of 
THF and treated with 0.22 g (10 mmol) of lithium borohydride at 
-10°. The mixture was stirred at room temperature for 2 days. 
The work-up, as previously described, furnished 2.27 g (83.6%) of 
the crude hydrochloride: mp 85-119°; superimposable ir spectrum 
with that of an authentic sample.

The crude hydrochloride (1.16 g, 4.27 mmol) was hydrogeno- 
lyzed in the usual way to yield 0.37 g (70% overall yield) of the 
amino acid.

2-Amino-3-methylbutyric Acid (Valine). To a stirred solution 
of 1.11 g (7 mmol) of 2-phenyl-2-butyl isonitrile dissolved in 50 ml 
of ether at 0°, under a nitrogen atmosphere, was added rapidly
6.4 ml of a 1.2 M  isopropyllithium solution in pentane. The mix
ture was stirred at 0° for 30 min and added dropwise to an excess 
of carbon dioxide in ether at -30°. The solvent was removed in 
vacuo to give the carbonated imine [ir (CHCI3) 1635 cm" 1 (s, 
broad)], which was dissolved in 50 ml of anhydrous methanol; 0.3 
g (8 mmol) of sodium borohydride was added and the mixture 
was stirred at room temperature for 3 days. After removal of the 
solvent in vacuo the residue was dissolved in water and extracted 
with ether. The aqueous layer was made acidic with dilute hydro
chloric acid, extracted with ether, concentrated to dryness, and 
worked up as previously described to yield 1.94 g (97%) of crude 
hydrochloride as a white powder: mp 103-143°; ir (CHCI3) 3400- 
2400 (broad),.1710 (s), and 1565 cm-1 (s).

The 1.61 g (5.63 mmol) of the crude hydrochloride afforded 0.57 
g (83% overall yield) of the amino acid. Identity was confirmed by 
comparison of the infrared spectrum in potassium bromide with 
that of an authentic sample.

Asymmetric Syntheses of Amino Acids Using Optically Ac
tive Hydroborating Agents. Diisopinocampheylborane15 and tri- 
isopinocampheyldiborane12 were prepared according to the pub
lished procedure utilizing (-)-a-pinene ([«]20 d  -48.2°, 93.5% op
tical purity) and ( + )-a-pinene ([a]20D  +46°, 89% optical purity).

2-Amino-3-methylbutyric Acid (Valine). A. (+)-Diisopino- 
campheylborane Reduction. To a solution of 3.3 g (24.3 mmol) of 
(-)-a-pinene in 20 ml of THF was added 11.5 ml of a 0.91 M  so
lution of diborane (5.2 mmol of B2H6) in THF at 0° and the reac
tion mixture was stirred for 4 hr at 0°.
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The carbonated imine was prepared in the usual way using 0.80 
g (5 mmol) of the racemic isonitrile, 4.2 ml of 1.25 M  isopropylli- 
thium solution in pentane, and then carbon dioxide. To the opti
cally active hydroborating agent inTHF was added, at -10°, the 
solution of the carbonated imine in 30 ml of THF and the reac
tion mixture was stirred for 3 weeks at room temperature. After 
the mixture was cooled to -10°, 50 ml of dilute hydrochloric acid 
was added and the THF was removed under reduced pressure. 
Ether was added to the remaining aqueous solution and the solu
tion was stirred overnight at room temperature. The aqueous 
layeT was separated, concentrated to dryness, and worked up as 
previously described to afford 1.20 g of the crude hydrochloride, 
m p  78-123°.

The hydrochloride (1.17 g, 4.1 mmol) was hydrogenolyzed in 
the usual way to give 0.24 g (42% overall yield) of valine, identi
fied by the infrared spectrum in potassium bromide:16 [a]27546 
+12.6° (c 3.1, 5 N  HC1), optical purity 40%; DNP-valine: [o ]27d 
+41.7° (c 0.27, 1A  NaOH), optical purity 42%.

B. (-)-Diisopinocampheylborane Reduction. The reaction 
was carried out in the same way as described above using ( + )-a- 
pinene instead of ( —) enantiomer. Overall yield of the amino acid 
was 43%: [a]27546 _ 10.4° (c 3.1, 5 AHC1); optical purity 35%.

C. Triisopinocampheyldiborane Reduction. To 12.1 ml of a 
0.64 M  solution of diborane (7.7 mmol of B2H6) in THF was 

■added a solution of 3.1 g (23 mmol) of (—)-<*-pinene in 10 ml of 
THF at 0° and the reaction mixture was stirred for 3 hr at 0°. To 
this mixture was added a solution of 7 mmol of the carbonated 
imine, and the reaction mixture was stirred at 0° for 3 days. The 
previously described work-up gave 1.83 g of the hydrochloride, 
which was subjected to hydrogenolysis to yield 0.31 g (38% overall 
yield) of valine: [a]27546 + 8.7° (c 3;0, 5 N  HC1), optical purity 
28%; DNP-valine [a ]27D +34.7° (c 0.27, 1 N  NaOH), optical pu
rity, 35%.

2-Aminobutyric Acid (Butyrine). A. (+)-Diisopinocampheyl- 
borane Reduction. To a solution of 4.0 g (29.4 mmol) of ( - )* « -  
pinene in 20 ml of THF was added 9.9 ml of a 1.27 M  solution of 
diborane (6.3 mmol of B2H6) in THF at 0° and the reaction mix
ture was stirred for 4 hr at 9°.

To the optically active hydroborating agent in THF was added 
the solution of the carbonated imine (6 mmol) in 30 ml of THF at 
-10° and the reaction mixture was stirred for 2 weeks at room 
temperature. After the mixture was cooled to -10°, 50 ml of di
lute hydrochloric acid was added. The THF was removed under 
reduced pressure, and the remaining aqueous layer was worked 
up as previously described to afford 1.33 g of the crude hydrochlo
ride, mp 82-142°.

The hydrochloride (1.32 g, 4.86 mmol) was hydrogenolyzed in 
the usual way to give 0.35 g (57% overall yield) of butyrine, iden
tified by the infrared spectrum in potassium bromide: [«]27546 
+2.9° (c 3.0, 5 N  HC1), optical purity 11%; DNP-butyrine [a]27D 
+15.0° (c 0.28, 1 ANaOH), optical purity 16%.

B. (-)-Diisopinocampheylborane Reduction. The reaction 
was carried out in the same way as described above using ( + )-«- 
pinene instead of (-)-a-pinene. Overall yield of the amino acid 
was 58%: [o]27546 -3.5° (c 3.2, 5 A  HC1), optical purity 13%; 
DNP-butyrine [«]27d -13.3 (c 0.25, 1 A  NaOH), optical purity 
14%.

Asymmetric Syntheses of Amino Acids Using Optically Ac
tive (K)-(+)-2-Phenyl-2-butyl Isonitrile. Optically pure (R)- 
(+)-2-phenyl-2-butyl isonitrile, [u]24546 +  2.87° (c 3, dioxane), was 
prepared according to the published procedure.17

The reduction procedures described previously were repeated 
on the optically active (R)-(+)-isonitrile and the identity of 
amino acids was confirmed by comparison of the infrared spec
trum with that of art authentic sample.16 The results are summa
rized in Table I.

Registry No.—(± )- l ,  49690-21-3; (fl)-l, 32528-86-2; isoleucine, 
443-79-8; alloisoleucine, 3107-04-8; 2-[A-(2-phenyl-2-butyl)]amino-
3-methylpentanoic acid hydrochloride, 49690-23-5; ethyl 3- 
methyl-2-oxopentanoate, 26516-27-8; ethyl 3-methyl-2-oxopenta- 
noate 2,4-dinitrophenylhydrazone, 49690-24-6; 2-[A-(2-phenyl-2- 
butyl)]aminobutyric acid hydrochloride, 49690-25-7; butyrine, 
80-60-4; valine, 516-06-3; 2-[A-(2-phenyl-2-butyl)]amino-3-meth- 
ylbutyric acid hydrochloride, 49690-26-8; (S)-2-[A-[(ft)-2-phenyl- 
2-butyl]]amino-3-methylbutyric acid hydrochloride, 49690-27-9; 
(.S)-2-[A-[(fl)-2-pheny 1-2-butyljjaminobutyric acid hydrochloride, 
49690-28-0.
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The reaction of l-methyl-2,2-diphenylcyclopropyllithium (1) with 1,1,3,3-tetramethylbutyl isocyanide re
sulted in a ring enlargement to yield 2,2-diphenyl-4-methylcyclobutanone (2). A similar ring enlargement was 
observed when l-methyl-2,2-diphenylcyclopropyl isocyanide (4) was treated with lithium or sodium metal in di- 
methoxyethane. In this latter reaction one also obtained an equal amount of rearranged 4,4-diphenyl-2-buta- 
none (6 ). Reaction of 4 with a solution of sodium in liquid ammonia produced 1,1-diphenyIbutane (10) and 2- 
methyl-4,4-diphenylpyrolidine (11). Reaction pathways leading to the formation of the ring-expanded and rear
ranged products are discussed.

We have previously shown that the addition of lithium 
alkyls to isocyanides leads to the formation of lithium al- 
dimines.2 The lithium aldimine intermediate can be used 
for the preparation of 1 -d-aldehydes, ketones, a-keto acids 
and esters, and' a- and /3-hydroxy ketones.3 However, we 
found that 2,2-diphenyl-l-methylcyclopropyllithium (1) 
did not undergo a simple a addition to 1,1,3,3-tetrameth- 
ylbutyl isocyanide (TMBI) to give the expected aldimine; 
rather an enlargement of the cyclopropyl ring occurred to 
give the unexpected cyclobutanone 2 and the dihydrofur- 
an 3 after hydrolysis (eq 1).

Ph CH3

H H
1

1. 0°, 10 min
+  :C = N R  — -------------

2 . H30  +

(1)

R =(C H 3)3CCH2C(CH3),

1. M, DME, -10°

2. H.O +

Ph H 0

ch3 +  P h - ^ y ^

Ph

CH3 +
__ /r~~~1̂ . (2)

H H H
6 2

M % 5  (o p t ic a l purity) ft 6 % 2
Li 11 (12%) 44 42

Na 13 (64%) 42 40

This result and the work with lithium aldimines was 
concurrent with a general study of the dissolving metal 
reductions of isocyanides.4 (/?)-( —)-2,2-Diphenyl- 1-meth- 
ylcyclopropyl isocyanide (4) was prepared to investigate 
its reduction in a manner similar to that performed on the 
corresponding cyclopropyl halides.5 The isocyanide group 
was being viewed as a pseudo-halogen.

It was found that when 4 was treated with a lithium or 
sodium dispersion in dimethoxyethane (DME), 1-methyl-
2,2-diphenylcyclopropane (5) was obtained with overall 
retention of configuration (eq 2). However, the major 
products of the reaction were 4,4-diphenyl-2-butanone (6) 
and 2,2-diphenyl-4-methylcyclobutanone (2). Presumably 
6 could have arisen from ring opening5b followed by reduc
tive cleavage of the isocyanide group, but 2 was definitely 
the result of an unusual rearrangement. A clue was pro
vided by the observation that both 6 and 2 appeared in 
roughly equal quantities in the product mixture. This sug- 

Chart I
Formation of 2,2-Diphenyl-4-methylcyclobutanone and

4,4-Diphenyl-2-butanone
Ph CH3

P h ^ \ y ^ N = C  +  2I i  — ■*

4

9

j « » 0"

6 2
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gested that they both may have originated from a com
mon intermediate. The hypothesis, which was adopted, is 
illustrated in Chart I.

The intermediate 9 is a logical precursor of 2 and 6 and 
the anionic addition to the ketenimine 8 to form 9 is rea
sonable. Protonated 9 could not be isolated and purified; 
ihowever, the spectral data of the crude mixture (see Ex
perimental Section) showed the presence of a compound 
of mass 441 whose nmr spectrum contained the character
istic benzhydryl triplet at 5 4.44 and the adjacent methy
lene doublet at 5 2.94, imitating the pattern found in the 
nmr spectrum of 6. To test the validity of the hypothesis 
that 1 added to 4 u ¿a an a addition, the cyclopropylli- 
thium compound was prepared from 1-bromo-1-methyl - 
2,2-diphenylcyclopropane in ether. This solution was 
added to the cyclopropyl isocyanide 4 to give, after hy
drolysis, the two ketones 2 and 6 (eq 3).

The results represented in eq 1 can be rationalized in 
the following way (eq 4).

Ph CH,

Ph'

Ph CH

'Li +  R N = C  - 

Ph

r
h3o+

Ph

Ph -CH, Ph -CH.,
Li

HOn /H  'XL
I

(4)

3

H
10 11

Form %Na 36 5 % 10 % li
Powder 8 4 41 55
Dissolved 10 0 13 87

(5)

tained as the major products. One can rule out the fact 
that 10 may have arisen as a result of Birch reduction of 
the cyclopropane 5, for it had already been shown that 
under the conditions used in this experiment (8-10% Na) 
no ring-opened products are produced.5b

To explain the product mixture it is proposed (Chart H) 
that two radical anions are produced as primary interme-

Chart II
Reduction of 2,2-Diphenyl-l-methylcyclopropyl Isocyanide

The cyclopropyllithium 1 adds to form the lithium aldi- 
mine intermediate, which undergoes ring enlargement to 
form the lithiocyclobutanone imine. The formation of 3 
probably results from hydrolysis of a small amount of the 
lithium aldimines as shown. This pathway to 3 was veri
fied by treating 2,2-diphenyl-l-methylcyclopropanecar- 
boxaldehyde with acid to give 3. The results illustrated in 
eq 1 together with 3 indicate that 1 is the origin of 2 and 
that 4 is the precursor to 6.

Another novel ring expansion was observed when the 
cyclopropyl isocyanide 4 was reduced with sodium in liq
uid ammonia (eq 5). Again the principal product was not 
the expected cyclopropane 5. Instead, 1,1-diphenvlbutane
(10) and 3,3-diphenyl-5-methylpyrrolidine (111 were ob-

diates, 12 and 13. In ether solvents an electron transfer 
occurs at the isocyanide site to give the expected radical 
anion, 12. Further reduction gives the expected cyclopro
pane 5. However, in the liquid ammonia system, we feel 
that solvation at the isocyanide site raises the potential of 
the system so that the preferred site for the electron 
transfer is at one of the aromatic phenyl groups to pro
duce the radical anion 13. A similar occurrence was also 
observed during the study of the reduction of 1-fluoro-
2,2-diphenyl- 1-methylcyclopropane.6

Reductive cleavage of 13 yields 14, the ring-opened 
carbanion, which is in equilibrium with the cyclic imino 
carbanion 15. This assumption of a reversible a addition 
of the diphenyl carbanion to the isocyanide function is
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supported by the work of Gerhart and Schollkopf,7 who 
found that the lithium oxazoline 16 is in equilibrium with 
the ring-opened 17 (eq 6). This reversibility was also ob-

16 17

served by Meyers and Collington.8 Further reduction of 14 
and 15 would give the observed products 1,1-diphenylbu- 
tane (10) and the pyrrolidine 11. The small amount of the 
cyclopropane 5 could be accounted for by the alternate 
pathway through the radical anion 12. It should be noted 
that in Chart II the a-addition step serves as a means of 
trapping the intermediate 14, which could not have other
wise been identified.

Experimental Section9
Reaction of 2,2-Diphenyl- 1-methylcyclopropyllithium with

1,1,3,3-Tetramethylbutyl Isocyanide (TMBI). To a stirred solu
tion of 1.22 g (0.0043 mol) of 2,2-diphenyl-l-methylcyclopropyl 
bromide in 40 ml of ether was added 0.0049 mol of sec-butyllith- 
ium (in hexane) at 0°. After stirring for an additional 15 min, the 
temperature was lowered to -10° and 0.68 g (0.0049 mol) of TMBI10 
was added. The reaction mixture was stirred for 18 hr, followed 
by addition of 0.5 ml of methanol. The mixture was taken up in 
ether, extracted with water, and dried over sodium sulfate. Evap
oration yielded in oil (1.52 g) which was hydrolyzed in dilute hy
drochloric acid-tetrahydrofuran. The mixture was then taken up 
in ether and washed with water and sodium carbonate solution, 
and vpc analysis (SE-33) of this solution showed four compo
nents, corresponding to l,l-diphenyl-2-methylcyclopropane (44%), 
2,2-diphenyl-4-methylcyclobutanone (46%), 2,2-diphenyl-l-meth- 
ylcyclopropyl bromide (6%), and 3-methyl-5,5-diphenyldihydrofu- 
ran (4%), which were identified by peak enhancement with au
thentic materials.

Lithium Metal Reduction of (/? )-(-)-2,2-Dipheny)-l-methyl- 
cyclopropyl Isocyanide. A mixture of 2.5 g of lithium dispersion 
(30% in wax, fine mesh) was washed with hexane and then with 
portions of THF under argon11 so that only fine particles of clean 
lithium remained floating over the clear solvent. The solvent was 
drained and the lithium was washed into the reaction vessel (con
taining ground glass and a polyethylene-coated magnetic bar) 
with 30 ml of DME. The surface of the lithium particles was pol
ished by stirring the suspension vigorously at 25° for 2 hr; then at 
a temperature of -10°, 0.395 g of the optically pure cyclopropyl 
isocyanide (powder) was added. After 10 min the deep red solu
tion was decanted from the unused lithium to a flask of cold 
methanol. The reaction mixture was taken up into ether and 
washed several times with water. The ether layer was dried (sodi
um sulfate) and then concentrated to an orange paste: ir (neat) 
1720-1620 (w, broad) 1374 (w), 1355 (w), 692 (s), 671 c m - ' (s); 
nmr (CC14) 6 0.8-1.4 (m, broad), 1.83 (s), 2.6 (m), 2.94 (d, J = 7 
Hz, CHaCH), 4.44 (t, J  = 7 Hz, CH2CH), 7.03 (s, aromatic), 7.16 
(s, aromatic); mass spectrum m/e 441 (parent). The orange paste 
was hydrolyzed with dilute hydrochloric acid in tetrahydrofuran, 
and the products were extracted into ether, dried over anhydrous 
sodium sulfate, and evaporated to yield 0.381 g of an oil. Vpc 
analysis (15% SE-33 on 80/100 Chromosorb P, AW) showed three 
major products: 2, 5 [(f?)-(+)-2,2-diphenyl-l-methylcyclopropane], 
and 6. The hydrocarbon 5 was identified by comparison with the 
ir and nmr spectra of the authentic material and by vpc peak en
hancement (20% EGIP on 80/100 Chromasorb P, AW), [a]2S5461 
+18.0 ±  0.5°. The ketone 6 showed the following properties: ir 
(CCU) 1720 cm ' 1 (s) (lit.11 1715 c m -1); nmr (CDC1S) S 2.06 (s, 
3, CH3), 3.20 (d, 2 , J  = 7.5 Hz, CH2), 4.71 (t, 1, J  = 7.5 Hz, CH), 
7.42 (s, 10, aromatic); 2,4-DNP mp 173-175° (lit.12 mp 174-175°). 
The cyclobutane 2 showed the following properties: ir (CCI4) 1783
(s), 1494 (m), 1450 (m), 692 cm ' 1 (s); nmr (CDCI3) 5 1.32 (d, 3, 
J = 1 Hz, CH3), 2.37 (m, 1, JAB = 10.5, JAX = 8 Hz, HCH),
3.09 (m, 1, JAB = 10.5, JBX = 10.5 Hz, HCH), 3.32 (m, 1, CH), 7.0-
7.5 (m, 10, aromatic); ir irradiation at S 1.32, 3.32 (m, JAX = 8, JBX 
= 10.5 Hz); irradiation at 6 3.32, 2.37 (d, JAB = 10.5 Hz); mass 
spectrum m je (calcd mass) 235.1199 (calcd for Ci7Hi60 , 236,1200),

237.1219 (calcd for C i613CH160, 237.1234), 208.1274 (calcd for 
Ci6H16, 208.1292), 181.1020 (calcd for CJ4H i3, 181.1017), 166.0778 
(calcd for Ci3H10, 166.0782); 2,4-DNP mp 207-208°.

Addition of 2 ,2 -Diphenyl-1 -methylcyclopropyllithium to 2,2- 
Diphenyl- l-methylcyclopropyl Isocyanide. From 1.2 g (0.0042 
mol) of l-bromo-2,2-diphenyl-l-methylcyclopropane a solution of 
the cyclopropyllithium was prepared in 30 ml of ether13 under an 
argon atmosphere. The cyclopropyllithium solution was then fil
tered into a 60-ml THF solution ( —10°) of 0.671 g (0,0028 mol) of 
2,2-diphenyl-l-methylcyclopropyl isocyanide. The mixture was 
stirred for 1 hr, quenched with methanol, and washed with water. 
The organic layer was dried (sodium sulfate) and evaporated to a 
viscous oil. The oil was dissolved into 80 ml of hexane with heat
ing. Upon cooling, the unreacted isocyanide separated as crystals. 
The hexane solution was decanted, and the crystals were dried, 
0.56 g, mp 115-123°, ir (CHC13) 2240 cm " 1 (s). The hexane solu
tion was evaporated, the concentrate was hydrolyzed in dilute 
hydrochloric acid-tetrahydrofuran solution for 20 min and taken 
up in ether, and the ether was washed several times with water. 
After drying (sodium sulfate), the ether solution was concentrated 
yielding 0.246 g of an oil. Vpc analysis of the oil (SE-33, silastic 
LS-40) gave the following composition: 2,2-diphenyl-4-methylcy- 
clobutanone (17%), 4,4-diphenylbutanone (15%), l-bromo-2,2- 
diphenyl-l-methylcyclopropane (47% together with some 2,2-di- 
phenyl-l-methylenecyclopropane as impurity).

Acidic Rearrangement of 2,2-Diphenyl-l-methylcyclopropa- 
necarboxaldehyde. To a solution of 0.82 g of 2,2-diphenyl-1- 
methylcyclopropanecarboxaldehyde14 in 20 ml of tetrahydrofuran 
was added 0.5 ml of concentrated sulfuric acid at 25°. The mix
ture was swirled and left to stand overnight in a stoppered vessel. 
The contents were then poured into water (0°) and extracted. The 
ether layer was dried over sodium sulfate and then concentrated 
to give 0.81 g of a viscous oil: ir (neat) 2930 (m), 1487 (m), 1444 
(m), 1378 (m), 1004 (s), 1694 cm ' 1 (s); nmr (CC14) 5 1.53 (s, 3, 
CH3), 3.16 (s, 2, CH2), 6.14 (s, 1, C=CH), 7.0-7.4 (m, 10, aro
matic); mass spectrum m/e (calcd mass) 236.1208 (calcd for 
C1TH1(!, 226.1200).

Sodium Metal Reduction of 2,2-Diphenyl-l-methylcyclopro- 
pyl Isocyanide in Liquid Ammonia. An 8% sodium in liquid am
monia solution (45 ml) was prepared according to the procedure 
of Pierce and Walborsky.15 To this solution was added 0.2 g of the 
isocyanide with stirring. The mixture was then cooled with a Dry 
Ice-acetone bath as 20 ml of saturated ammonium chloride solu
tion was added dropwise. After addition of hexane, the ammonia 
was evaporated. The contents of the reaction vessel were sepa
rated, and the hexane layer was washed with dilute hydrochloric 
acid and dried over magnesium sulfate. Evaporation of the sol
vent gave 0.076 g of a hydrocarbon mixture which, from vpc anal
ysis (20% EGIP on 80/100 Chromasorb P, AW) by peak enhance
ment with authentic materials was composed of l,l-diphenyl-2- 
methylpropane (0.4%). The acidic layer was neutralized with so
dium hydroxide solution (0°) yielding an amine which was taken 
up in ether and dried over sodium sulfate. Evaporation gave 3,3- 
diphenyl-5-methylpyrrolidine (0.015 g): ir (neat) 3320 (broad), 
1491 (s), 1444 (s), 1370 (m), 1028 (m), 689 cm- 1 (s); nmr (CC14) S
1.04 fd, 3, J = 6 Hz, CH3CH), 1.59 (s, 1, NH), 1.86 (q, 1, Jab = 
12, Jax = 9 Hz, HCH CH), 2.50 (q, 1, Jab = 12, Jbx = 6 Hz, 
HCHCH), 2.80-3.65 (m, 3), 6.99 (s, 10, aromatic); nmr (addition 
of D20 ) S 1.59 (disappearance of singlet NH), irradiation at 1.04, 
3.32 (q, Jax = 9, Jbx = 6 Hz, HCHCHCH3), 3.41 (d, Ja.„• = 11.5 
Hz, H'CH'), 3.66 (d, Ja-b- = 11.5 Hz, H 'CH'); mass spectrum 
m/e (calcd mass) 238.1571 (calcd for C1613CH19N, 238.1550), 
237,1517 (calcd for Ci7H19N, 237.1517), 193.1026 (calcd for 
C15H13, 193.1017), 167.0868 (calcd for Ci3Hu , 167.1860), 133.0898 
(calcd for C9HuN, 133.0890).

l-(p-Nitrobenzoyl)-3,3-diphenyl-5-methylpyrrolidine. The
above 3,3-diphenyl-5-methylpyrrolidine was treated with p-nitro- 
benzoyl chloride in the usual manner: mp 146.5-148°; ir (CHC13) 
2995 (m), 1361 (s), 1600 (s), 1524 (s), 1494 (m), 1351 cm- 1 (s); 
nmr (CHC13) 5 0.99 (d, 0.25, J = 6 Hz, CH3CH) and 1.48 (d, 
0.75, J = 6 Hz, CH3CH), 2.30 (q, 1, Jab = 13, Jax = 10 Hz, 
HCHCH), 3.07 (q, 1, Jab = 13, Jbx = 7 Hz, HCHCH), 3.5-4.5 (m,
3), 6.9-7.5 (m, 10, Ph2C), 7.65 (d, 2, J  = 8.6 Hz, 2,6-H), 8.24 (d, 
2, J  = 8.6 Hz, 3,5-H).

Anal. Calcd for C24H22N20 3: C, 74.59; H, 5.74; N, 7.25. Found: 
C, 74.63; H, 5.77; N, 7.25.

Registry No.— 1, 50259-68-2; 2, 50259-69-3; 2 2,4-dinitrophen- 
ylhydrazone, 50259-70-6; 3, 50259-71-7; 4, 32528-88-4; 5, 17413-48- 
8; 6, 5409-60-9; 11, 50259-75-1; l-(p-nitrobenzoyl)-3,3-diphenyl-5- 
methylpyrrolidine, 50259-76-2.
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Metallo aldimines were prepared by the addition of organolithium reagents to ierf-butyl isocyanide, 1,1,3,3- 
tetramethylbutyl isocyanide, 2-phenyl-2 -butyl isocyanide, and triphenylmethyl isocyanide. The reactions of or
ganolithium reagents, Grignard reagents, and organocopper reagents with triphenylmethyl isocyanide are dis
cussed in detail. A new synthetic route for the formation of secondary and tertiary nitriles is described as is a 
simple and convenient method for the preparation of ketones. The lithium aldimines were converted to copper 
aldimines by treatment with cuprous iodide. Studies on the dissociative nature of metallo aldimines indicated 
that both relief of steric crowding (steric effect) and formation of stable intermediates (electronic effect) are the 
driving forces for the dissociation.

Recent reports on the reaction of isocyanides with or- 
ganometallic reagents have shown that the chemistry of 
isocyanides can provide new synthetic pathways to a vari
ety of molecules. It has recently been reported1 that the a 
addition of an organolithium reagent to 1,1,3,3-tetrameth- 
ylbutyl isocyanide (TMBI) yields lithium aldimine (1), 
which can be used for the preparation of aldehydes, ke
tones, o-keto acids, and a -  and d-hydroxy ketones (eq 1).

+  -
RNssC + R'Li ------- * RN=C (1)

UT
1

The reactions of a-metalated isocyanides are being inves
tigated by Schollkopf and others.2’3 In addition, the syn
thetic applications of copper-isocyanide complex cata
lyzed reactions for the preparation of a variety of com
pounds have been explored by Saegusa.4

During the course of investigating the synthetic utility 
of lithium aldimines it was discovered that certain aldi
mines dissociated to produce nitriles in very good yields5 
(eq 2). Preliminary investigations indicated that an 88% 

R'
R N = c ' ------- » R'CN + RLi (2)

^ L i
yield of ieri-butyl cyanide could be achieved by the addi
tion of the ierf-butyllithium to triphenylmethyl isocyan
ide (TPMI). However, the use of other lithium reagents 
produced the corresponding symmetrical ketones which 
apparently results from the addition of RLi to the nitiile 
formed (eq 3b).

A detailed study, with an aim of establishing the scope 
and limitations of this “ isocyanide-metal exchange” reac
tion5 was undertaken and is the subject of this paper.Isocyanide-Metal Exchange Reaction. The isocyan
ide-metal exchange reaction (eq 3a) showed promise as a 
new method for the preparation of nitriles and ketones. 
An investigation of the scope and limitation of this reac-

Fh* %  r > L i
PhaCNC +  RLi —► N=G. -----*

^ R

RCN + Ph3CIi (3a)

;| H+ II
RCN + RLi — *■ RCR — RCR (3b)

tion was undertaken. The results obtained in Table IV 
clearly point to triphenylmethyl isocyanide (TPMI) as the 
isocyanide of choice, and it was therefore selected for our 
studies.

Reactions with Organolithium Reagents. The results 
of the reactions of a representative set of organolithium 
reagents with TPMI are given in Table I.5 It is evident 
that this reaction provides a convenient method for the 
preparation of symmetrical ketones and hindered nitriles 
such as ieri-butyl cyanide in high yield. Unsymmetrical 
ketones can also be prepared by the simple expediency of 
first adding 1 equiv of the more hindered lithium reagent 
to permit the exchange reaction (eq 3a) to occur, followed 
by the addition of the less hindered lithium reagent. 
Using this procedure, ieri-butyl sec-butyl ketone was pre
pared in 83% yield. It is worth mentioning that by careful 
work-up of the reaction mixture (see Experimental Sec
tion) one can isolate the precursor ketimine in excellent 
yields. For example, di-ieri-butyl ketimine was obtained 
in 77% yield.6 Lithium phenylacetylide, owing tc an unfa
vorable equilibrium, did not add to TPMI.

The associated nature of organolithium reagents7’8 may 
increase the probability of the immediate availability of 
lithium reagents for further addition to the nitrile as it is 
formed in the reaction. The observation that the yield of 
nitrile increased on going from primary to tertiary lithium 
reagent indicates that steric hindrance also becomes an 
important factor so that a addition of terf-butyllithium to 
TPMI is favored over its addition to the nitrile formed in
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Table IReactions of Triphenylmethyl Isocyanide with Organolithium Reagents
RLi: .-------- Yield,'1  %---------

No. KLi PhaCNC Nitrile Ketone

l n-Butyl 1 :1 8 .5 4 8 .54
2 :1 9 59

2 see-Butyl 1 :1 14 554

2 :1 24 63
3 feri-Butyl 1 :1 8 8

2 :1 2 75
4 Phenylethynyl 1 :1
5 Cyclopropyl 1 :1 1.5 20
6 Phenyl 1 :1 934

2 :1 94
7 Mesityl + 1 :1 14«

“ Yields determined by glpc analysis. 4 Yields based on
theoretical yield of ketone. “ Isolated as ketimine.

the reaction. The lower yield of dimesityl ketimine is 
probably due to the steric hindrance experienced in the a 
addition of the lithium reagent to isonitrile.Reaction with Grignard Reagents. The availability of 
organohalides and the ease of preparation of Grignard re
agents prompted us to study the reactions of Grignard re
agents with TPMI. Although reactions of aromatic and 
tertiary Grignard reagents were unsuccessful, the results 
(Table II) with primary and secondary Grignard reactions 
are significant from a synthetic point of view.

When 1 equiv of n-butylmagnesium bromide was treat
ed with TPMI, work-up of the reaction mixture gave nei
ther n-valeronitrile nor 5-nonanone. The ir spectrum of 
the reaction mixture exhibited, in addition to the unreact
ed isocyanide band at 2140 cm^1, a strong band at 2190 
cm^1, absorption in the 3300-3500-cm-1 region, and an 
intense band at 1632 cm-1 . These data indicated the 
presence of an amino and a cyano group in addition to a 
double bond in conjugation with them. The product was 
identified as 5-amino-4-cyano-4-nonene (2) by isolation
CH3CH2CH2 nh2

/ C = C \NC CH2CH2CH2CH3

CeHjj NH,

C R A R ,
2 3

and comparison of its ir and nmr spectra with that of an 
authentic sample prepared in 49% yield by the reaction of 
n-butylmagnesium bromide with n-valeronitrile.9 Conver
sion of 2 to the known 4-cyano-5-nonanone by mild acid 
hydrolysis confirmed the structural assignment.

When 2 equiv of n-butylmagnesium bromide was treat
ed with 1 equiv of TPMI, depending upon the reaction 
conditions, a 10-20% yield of n-valeronitrile was realized, 
along with a 50-60% yield of 2. Under similar conditions 
cyclohexylmethylmagnesium bromide gave a 26% yield of 
cyclohexylacetonitrile and a 55% yield of 3. It is evident 
that this reaction, although not satisfactory for the prepa
ration of primary nitriles, provides a facile and convenient 
synthetic route for making a-cyano ketones or the corre
sponding precursors in good yields. The mechanism of the 
condensation that occurs during the reaction of Grignard 
reagents with primary nitriles has been discussed else
where.10

As can be seen from Table II, reactions of secondary 
Grignard reagents with TPMI gave the corresponding ni
triles in excellent yields. When Grignard reagent and iso
cyanide were allowed to react in 1:1 ratio, the yield of ni
trile was of the order of 70-95%. The reaction was com
plete in 5 min with a quantitative yield being obtained 
when 2 equiv of cyclohexylmagnesium bromide was treat

Table IIReactions of Grignard Reagents with Triphenylmethyl Isocyanide
RMgBr: Yield4

RBr“ PhsCNC RCN, %
n-Butyl bromide 1 : 1 Trace“

2 : 1 1 0 - 2 0 “
Cyclohexylmethyl bromide 2 : 1 26“
Benzyl bromide 2 : 1 78
2-Bromobutane 1 : 1 70

3 :2 98
2-Bromohexane 1 : 1 79
Cyclopropyl bromide 1 : 1 17

2 : 1 27
Cyclohexyl bromide 1 : 1 94

2 : 1 1 0 0

Cycloheptyl bromide 1 : 1 70
feri-Butyl bromide 1 : 1 7-10
Bromobenzene 1 : 1 Trace
p- Methoxy bromobenzene 1 : 1 Trace
p-Bromotoluene 1 : 1 Trace
Mesityl bromide 1 : 1 17

° Grignard reagent was prepared by standard procedure
and titrated whenever it was necessary. 4 Yields determined
by glpc. 4 Other products were! isolated. Refer to the dis-
cussion section.

Table IIIReactions of TriphenylmethylIsocyanide with Organocopper Reagents
r— Conditions----•

RCu /--Yields,“ % —, Time, Temp,
No. R RCN PhaCH hr °C

1 n-Butyl 38 6 .5  34
2  ierf-Butyl <5 6 .5  34
3 Phenyl 1 6 .5  34

RR/CuLi
R R '

4 7i-Butyl n-Butyl 49 62 1 25
5 n-Butyl n-Butyl 40 84 6  25
6  n-Butyl n-Butyl 17 85 1 2  1 0

7 feri-Butyl fert-Butyl 31 40 3 36
8  n-Butyl ferf-Butyl 244 62 0 .5  25

° Yields determined by glpc. 
formed.

1 No tert-butyl cyanide was

ed with 1 equiv of TPMI. Similarly, a 98% yield of 2-cy- 
anobutane was obtained from the reaction of 3 equiv of 
sec-butylmagnesium bromide with 2 equiv of TPMI. The 
important synthetic application of this reaction should be 
recognized from the fact that ordinarily unsatisfactory 
yields of nitriles are obtained by the usual Sn2 displace
ment of sec-acyclic and cyclic halides by cyanide ions.11

However, treatment of tert-butylmagnesium bromide 
with TPMI at 36° for 10 hr gave only a small yield of tert- 
butyl cyanide ( —10%). Also, reactions with phenylmag- 
nesium bromide, p-methoxyphenylmagnesium bromide, 
and p-methylphenylmagnesium bromide did not yield the 
corresponding nitrile. In the case of mesitylmagnesium 
bromide, 2,4,6-trimethylbenzonitrile was obtained in 17% 
yield, which could be increased to 39% yield when the 
reaction mixture was refluxed for 18 hr at 65° (THF).

In contrast to the results with lithium reagents (Table
I) we note in the case of Grignard reagents that tertiary 
and aromatic Grignard reagents do not react with TPMI 
to any appreciable extent. This effect has previously been 
observed in the reaction of phenylmagnesium bromide 
with 1,1,3,3-tetramethylbutyl isocyanide (TMBI) and the 
lack of reactivity was ascribed to an unfavorable equili
brium. lfc>12 A similar situation seems to obtain in the 
reaction of Grignard reagents with TPMI.
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R'
I

R-----Ç— MgBr +  Ph/J— N = C

H
R'
I XPh3

R"— C— C = jN ^  (4a)

H MgBr

R'

R'"'
X C— C = N X

H MgBr

CPh3

R'-

R"

\
C— C = N  +  BrMgCPh3 (4b)

H

R'"
X — C = N  +  BrMgCPh3 • =

H
R \

J X — o  
R"^|

MgBr

R '\ R '\0 = N  +
R ' " |

c = n
R " ^ |

H MgBr

: 0 - C ® N  +  PhaCH (4c)

NMgBr

R \  .
y r

R "^ |
H

R /

" C ^ C = N  (4d) 
R"

In the case when R "  =  H the a-metalated nitrile can 
undergo further condensation to give products of the type 
of 2 and 3. When both R ' and R "  are alkyl groups, one 
then obtains good yields of nitrile, since the reaction with 
tritylmagnesium bromide represents a less favorable equi
librium1013 (eq 4c) and the propensity for condensation is 
reduced for steric reasons. However, when R ' = phenyl 
and R "  = H, the equilibrium (eq 4c) will be almost com 
pletely to the right, leading to a stable phenylacetonitrile 
anion, and therefore benzylmagnesium bromide gives good 
yields of phenylacetonitrile.

Copper Aldimines. Reaction with Organocopper Reagents. One of the aims in the study of the reaction of or- 
ganometallies with TPM I was to stop the reaction at the 
nitrile stage and isolate them free of side products. We 
have seen that by a judicious choice o f organometallic re
agent such as tertiary organolithium and secondary Gri- 
gnard reagents one is able to obtain good yields of the cor
responding nitriles. In the case o f primary organometallic 
reagents the nitrile formed in the first step reacted further 
with both organolithium and Grignard reagents to give ke
tones and a-cyano ketones, respectively. Since organocop
per reagents have been reported to’ be unreactive toward 
nitriles,13 it was felt that the use of these reagents might 
circumvent the secondary reactions previously encoun
tered. The results of this study are shown in Table III.

The reaction of alkyl- and phenylcopper reagents with 
TPMI to give nitriles did not proceed to any appreciable 
extent. The use o f lithium dialkylcuprate reagents im 
proved the yield of nitrile somewhat. Although, as antici
pated, no ketone or condensation products were formed, 
the low yields obtained in these reactions mitigate its use 
as a synthetic tool.

Conversion of Lithium Aldimines to Copper Aldimines. Initial investigations were focused on the effect of 
the structure of the isonitrile on the course of the reac
tion. It was hypothesized that the driving force for the 
dissociation of the lithium aldimine formed by the a addi
tion of ferf-butyllithium to TPM I was due to the stabi
lized trityl anion behaving as a good leaving group. It was 
therefore surprising to observe the formation of 5-10% 
yield of n-butyl 1,1,3,3-tetramethylbutyl ketone, as a 
minor product, from the addition of n-butyllithium to 
TMBI. Formation of this ketone suggested that the aldi
mine dissociated to give rc-butyl cyanide and 1,1,3,3-te- 
tramethylbutyllithium, which upon further reaction fur
nished the observed ketone (eq 5).

' >̂ ' N = C  +  BuLi — *■ '^ N = = < X ^ BU —
^ L i

0

+  BuCN —  ^ 'C B u  (5) 
Based on these observations it was felt that the conver

sion of lithium aldimine to copper aldimine, by the addi
tion of cuprous iodide, should produce 1,1,3,3-tetrameth- 
ylbutylcopper (eq 6). Since organocopper reagents do not

^ L i  ^ C u

Cu +  RCN (6)
add to nitriles,13 one should be able to avoid the forma
tion of ketone and thereby identify the nitrile. Indeed, the 
copper aldimine obtained from the reaction o f cuprous io
dide with the lithium aldimine formed from TM BI and 
feri-butyllithium gave a 61% yield of fert-butyl cyanide. 
The formation of 1,1,3,3-tetramethylbutylcopper was also 
indicated by the identification of its disproportionation 
products, 2,4,4-trimethylpentane, 2,4,4-trimethyl-2-pen- 
tene, and metallic copper (eq 7).

CH.i CH3

2CH3— C— CH2— Ç— Cu —*-

CH3 ch3

ch3 c h 3

CH3— C— CH,— C— H +

CH3 ch3

c h 3̂ c ^ ; c = c  

ch 3̂  ^ c h 3

^•c h 3

v'vc h 3 + 2Cu(0) (7)

Having established that the lithium or copper aldimines 
from both triphenylmethyl isocyanide (TPMI) and
1,1,3,3-tetramethylbutyl isocyanide (TMBI) dissociated to 
produce alkyl cyanides, it became apparent that electron
ic factors alone could not account for the driving force for 
this dissociation. Although the former produced the highly 
delocalized trityl anion, the latter formed a tertiary alkyl- 
lithium or alkylcopper reagent, neither o f which possess 
any favorable stabilizing factors. Steric interactions, how
ever, may also be playing an important role in this reac
tion. To evaluate this possibility a study of the copper al
dimine intermediate was undertaken, the results of which 
are given in Tables IV and V. The copper aldimines were 
chosen for this investigation since this reaction produces 
solely nitriles and is not complicated by ketone formation.

The results, shown in Table IV, show the effect o f vary
ing the alkyl group (R ' in R 'N C) upon the dissociation of 
metallo aldimines (eq 8). It has been recognized that non-

R'NC
1. tert-butyilithium

2. Cui

.f-Bu
R TSi=C^ — ► i-BuCN (8)

X Cu
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Table IVReactions of Copper Aldimines. Effect of Changing R' Group in Isocyanides
N o. R 'N C RLI Solvent**

Temp,
°C

Reaction 
period, hr

Yield6 
R C N , %

l fert-Butyl tert-Butyl E t 2 0 / 2.5 10.5»
2 1,1,3,3-Tetramethy Ibutyl fert-Butyl E t 2U f 2.5 61d
3 1,1,3,3-Tetramethy Ibutyl fert-Butyl THF f 2.5 29
4 2-Phenyl-2-butyl fert-Butyl THF 0 2.5 35
5 Trityl fert-Butyl THF -7 8 0.25 88'

» fert-Butyllithium in pentane or hexane was used. b Yields determined by glpc analysis. '  43% yield of N-tert-butyl-2,2- 
dimethylpropanamide was observed. d A small amount of Ar-(l,l,3,3-tetramethylbutyl)-2,2-dimethylpropanamide was 
noticed. ‘ No Cul was added, t Room temperature.

Table VReactions of Copper Aldimines. Effect of Changing R Group in Organolithium Reagents
No. R'NC RLi Solvent® Temp

Reaction 
period, hr RCN

R'N H C(=0)R , 
% yield6

1 1,1,3,3-Tetramethylbutyl Methyl Et20 / 2.5 Trace' <5
2 1,1,3,3-Tetramethylbutyl «-Butyl Et20 / 2.5 Trace4 27
3 1,1,3,3-Tetramethylbuty 1 sec-Butyl EtsO f 2.5 <2 >90
4 1,1,3,3-Tetramethylbutyl fert-Butyl Et20 f 2.5 61 e
5 fert-Butyl fert-Butyl Et20 f 2.5 10.5 43

“ RLi in pentane was used. b Yields determined by glpc analysis using authentic sample. c Corresponding aldimine was the 
major product (>90%). d Corresponding aldimine was the major product; a 10-12% yield of ra-butyl 1,1,3,3-tetramethyl- 
butyl ketone was also observed. A small amount of Ar-(l,l,3,3-tetramethylbutyl)-2,2-dimethylpropanamide was detected. 
s Room temperature.

Chart I ph\ /CH,
E-Z Isomerization of Metallo Aldimines >
^  / R R\  / R P i / c= nr1

R'X  R"
N =C

(< / X R"
1
Li

4
E, R" = H, Li Z, R "= H, Li
Z, R" = Cu E, R" = Cu

>
interactions between the substituent on nitrogen Pli

CH,

=C=NR

and the substituent on carbon in imines have a pro
nounced effect on the E to Z isomer ratio in these sys
tems.14 A similar situation should be obtained in the case 
of the metallo aldimines (Chart I). One should expect that 
with copper aldimines the most favored configuration 
would be Z, which would place both alkyl groups in a 
trans relationship to each other. Boyd, et at.,15 have 
shown that interactions involving the nitrogen lone pair of 
electrons are important in determining the imine stereo
chemistry. The localized electron pair or valence shell 
electron pair repulsion theory assumes that a nonbonding 
or lone pair of electrons is larger in volume and takes up 
more space on the surface of an atom than a bonding 
pair.16 It seems reasonable that even in their most favored 
configuration Z copper aldimines are inherently sterically 
crowded systems and will try to minimize their nonbond- 
ed interactions, if possible, by dissociation. Under identi
cal conditions copper aldimines obtained by the addition 
to terf-butyl isocyanide and 1,1,3,3-tetramethylbutyl iso
cyanide (TMBI) gave terf-butyl cyanide in 10.5 and 61% 
yields, respectively. The copper aldimine obtained from 
TMBI at room temperature in THF rather than ether dis
sociated to give only a 29% yield of fert-butyl cyanide. 
The lower yield could be attributed to the greater stabili
ty of organocopper reagents in THF.17 However, at 0° in 
THF, 2-phenyl-2-butyl isocyanide gave a 35% yield of 
terf-butyl cyanide. The observed increase in yield of tert- 
butyl cyanide at a lower temperature (0°) from 2-phenyl-2- 
butyl isocyanide than from TMBI at room temperature sug
gests that in addition to a steric factor, electronic effects are 
also operating through the formation of the benzylic anion.

Moreover, the replacement of both alkyl groups in 2- 
phenyl-2-butyl isocyanide by two phenyl groups caused 
the aldimine to dissociate very rapidly (—78°, less than 15

Phx  JNR

P h ^ A CH,
(9)

R = 1,1,3,3-tetramethylbutyl

min) largely owing to the stability of the trityl anion pro
duced. These results are consistent with the postulate 
that both relief of steric strain and the formation of a sta
ble anion are the driving forces for the dissociative ring 
opening of the lithium aldimine intermediate 4 obtained 
by the addition of 2,2-diphenyl-l-methylcyclopropyllith- 
ium to TMBI (eq 9).18

The effects of varying the organolithium reagent upon 
the reaction product composition resulting from the disso
ciation of metallo aldimines are given in Table V. It 
should be pointed out that all of the reactions are con
ducted under an argon atmosphere. It is interesting to 
note that in addition to the formation of corresponding 
alkylnitriles, in most cases, the formation of an amide was 
observed to be the major product. From the addition of 
methyllithium and n-butyllithium to TMBI, followed by 
addition of cuprous iodide, the major product was shown 
to be the corresponding aldimine and only a trace of alk- 
ylnitrile was formed. In the case of sec-butyllithium nei
ther the alkylnitrile nor the aldimine was the major prod
uct, but a 90% yield of N-(l,l,3,3-tetramethylbutyl)-2- 
methylbutanamide was observed. However, when tert- 
butyllithium was used, the iert-butyl cyanide was formed 
in 61% yield, with lV-(l,l,3,3-tetramethylbutyl)-2,2-di- 
methylpropanamide as a minor product.

It was noted that the normal work-up (addition of the 
reaction mixture to aqueous acid) of the copper adimine 5 
did not give the corresponding aldimine. This indicated 
that either the metallo aldimine 5 was stable to acidic 
conditions or a “ ketenimine”  (6) was the intermediate 
which upon addition of water gave the amide in high 
yield19 (eq 10). However, since the work-up of the reaction
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CHCH£H3
RTSf==C^

^ O u —CuH

ch3
R 'N = C = C ^

X H ^ H ,

the yield of aldimine decreased considerably and the for
mation of amide increased rapidly. It is suggested that as 
the bulkiness of the organolithium reagent is increased, 
the stability of the copper aldimine toward hydrolysis in
creases. A close analysis of the dimer (Chart II) of, for ex-

5 6

ap\

0
II , / CH3

R'NHCCH^ (10)
^ C H £ H 3

R' = 1,1,3,3-tetramethylbutyl

mixture with D2O or CH3OD did not incorporate deuteri
um at the a position of the amide formed, the possibility 
of a ketenimine as a viable reaction intermediate was 
ruled out. It was also observed that the addition of water 
to the copper aldimine 5 followed by refluxing for 5 hr 
under argon (35°) produced the corresponding aldimine in 
>90% yield. However, replacing the argon atmosphere by 
an oxygen atmosphere resulted in the formation of amide 
(49% yield). It therefore appears that the reaction of cop
per aldimine 5 is very much faster with oxygen than with 
water and it is this reaction that produces amide. The 
reaction of a copper aldimine with oxygen to yield amides 
has also been, observed by van Koten and Noltes.20 It is 
evident that all of the observed products (Table V), 
namely aldimine, amide, and nitrile, result from a com
mon copper aldimine intermediate. The question to be 
answered is why, under identical conditions, these differ
ent products are formed in different proportions as one 
changes IT.

0
II

r ^ = N  *—  R N = C  — -  RNHC
Cu R'

R N = C

H
Of significance is the observation of van Koten and 

Noltes20 that the copper aldimine 7 is dimeric in benzene

solution. They proposed a six-member ring complex 
formed by intermolecular coordination of two copper aldi- 
mines. One might then expect that the métallo aldimines 
reported in Table V would exist in equilibrium with the 
dimeric structure and that the position of the equilibrium 
would be sensitive to the structure of R ' such that when 
favorable steric conditions exist the equilibrium may be 
completely over to the dimer (eq 11). As one proceeds 
from methyl to sec-butyl (Table V), it, was observed that

/ R'
2R N =C

Cu

R x  / R '  
N = C

C u d  ,'Cu 
C = N ''

r /  X R

(U)

R = 1,1,3,3-tetramethylbutyl; ieri-butyl 
R ' = methyl; n-butyl; sec-butyl; tert-butyl

Chart II
Dimeric Structure of Copper Aldimine 5

CHS / CHa C'H3 -Cii-f ,  . — H CH2CH3

c h 3 c  > = c
/  V

CH,
H” 'H c “  ,,Cu Hv  ,H

CH:i /  
C

/ V
h 3c c h 2 h

C = N  / CH3
TT

/  \ /  \
ch3 c h 3ch3 ch3

ample, the copper aldimine 5 would indicate that the ap
proach of the protonated water molecule (which is solvat
ed) to the Cu-C bond is highly sterically prohibited by 
the hydrophobic alkyl groups but that its reaction with 
gaseous oxygen molecule to give amide is not retarded. 
With a methyl or n-butyl group present, the steric crowd
ing around the Cu-C bond is not critical enough to pre
vent the hydrolysis and hence the aldimine was observed 
to be the major product. In the case of a tert-butyl group 
the nonbonding interaction between the tert-butyl group 
and the 1,1,3,3-tetramethylbutyl group is very severe and 
formation of the dimer becomes energetically unfavorable; 
the copper aldimine would therefore exist mostly as mono
mer. This conclusion would equally apply to the copper 
aldimines reported in Table IV. As we have discussed ear
lier, depending upon the steric and electronic factors, the 
monomeric copper aldimines dissociated to give nitriles as 
one of the major components of the products.

A number of studies have established the thermal dis
proportionation of alkylcopper(I) reagents to alkane, alk- 
ene, and metallic copper (eq 7), with practically no dim
erized hydrocarbon product.21 However, in the case of 
vinylcopper reagents Whitesides and his coworkers22 have 
observed that these reagents decomposed at ambient tem
perature (4 hr, 25°) to give metallic copper and high yields 
of dimers with >95% stereospecificity. They concluded 
that free vinylic radicals are not involved as intermediates 
and proposed mechanisms which would not involve free 
radicals. One of the suggestions involved a four-center 
mechanism and the other a “ a-w”  interconversion to an 
intermediate containing a vinyl radical w bonded to a cop
per atom cluster, 9. It is seen that the transition state for 
either of these mechanisms would require the carbon 
atoms forming the new <s-a bond (in the product) to face 
each other. The copper aldimines under discussion did not 
give any detectable amount of dimeric products. Also, van 
Koten and Noltes observed that the thermal degradation 
of 7 in quinoline at 200° yielded the corresponding Schiff s 
base in 61% yield instead of the expected symmetrical 
dimer.20 As we have discussed earlier, the copper aldi
mines (1, 2, and 3 in Table V) and 7 would be expected to 
exist in dimeric forms in which the carbon atoms that 
would form the new a bond are far away from each other 
in the six-membered ring structure, and therefore neither 
of the two proposed transition states (8 and 9) would be

8 9
attained, and therefore no dimeric products would be 
formed. In the case of copper aldimines existing predomi
nantly in monomeric form, the unfavorable steric crowd-



616 J. Org. Chem., Vol. 39, No. 5, 1974 Periasamy and Walborsky

Table VIProduct Distribution from the Decomposition of1,1,3,3 -Tetramethylbutylcopper (I) Reagent
Time, .----------- -------Yield, %6-

No. Solvent® m in i'BuCN Alkane* Alkene**

1 E t20 1 5 12 2 .5 12
2 E t20 3 0 4 6 1 8 3 2

3 480 55 23 3 3
4 T H F 1 5 0 2 9 3 . 7 2 7 . 8

“ Organolithium in pentane was used. b Y ields determined 
by  glpc analysis using authentic samples. c 2,4,4-Trim ethyl- 
pentane. d 2,4,4-Trimethyl-2-pentene.

ing that would develop in transition states 8 or 9 would be 
severe enough to prevent the coupling reaction. In these 
cases an alternate reaction occurs, that of dissociation, 
due in part to relief of steric strain.

Finally, we would like to comment on the mechanism 
for the dissociation of copper aldimines to alkylnitriles 
and alkylcopper. One of the probable mechanisms in
volves the cleavage of copper aldimines to give alkylnitrile 
and organocopper. The latter reagent disproportionates to 
yield equal amounts of alkane, alkene, and metallic cop
per (eq 6 and 7). However, as can be seen in Table VI, the 
yield of 2,4,4-trimethyl-2-pentene was higher than that of
2,4,4-trimethylpentane. Moreover, in the decomposition of 
the 2-phenyl-2-butylcopper intermediate, 2-phenvl-2-bu- 
tene was formed in about 25-30% higher yield than sec- 
butylbenzene. To account for the increase in olefin yield 
we would like to suggest that the copper aldimine, besides 
dissociating to give nitrile and alkylcopper (eq 6), can also 
dissociate via transition state 10 (eq 12) to yield nitrile 
and olefin.

CH>*

CH3i N=<X
x:

V  ^ N'

' CV h^

,x h 3

'ch3
Cu

h 3c

CH3'  ̂
CH:

\
rH

CH3
10

t-BuCN +  h 3c — c: 

ch3

+  CuH (12)

Experimental Section
Melting points were measured with a Mel-Temp apparatus and 

both melting and boiling points are uncorrected. Infrared spectra 
were obtained using a Perkin-Elmer Model 257 spectrophotome
ter. Nuclear magnetic resonance spectra were recorded on a Var- 
ian A-60 or Brucker 90-MH spectrophotometer; chemical shifts 
are reported in parts per million downfield from tetramethylsil- 
ane and coupling constants are in hertz. Low-resolution mass 
spectra were obtained on a Nuclide electron impact mass spec
trometer. Glpc analyses were carried out on F & M Model 500 gas 
chromatograph under reported conditions. Microanalyses were 
performed by the Beller Laboratories, Gottingen, Germany.

Solvents. Reagent-grade tetrahydrofuran (THF) and diethyl 
ether were distilled from lithium aluminum hydride under nitro
gen and stored over 3A Molecular Sieves. Bulk solvents were dis
tilled before use. Industrial grade dimethylformamide (DMF) was 
purified by distilling from barium oxide and discarding a forecut.

Reagents. Isocyanides were synthesized using a recent proce
dure.23 Cuprous iodide was dried in an oven (120°) for 6 hr and 
cooled in a desiccator just before use. Organolithium reagents 
purchased from Foote Minerals Co. were titrated before use.24 
Grignard reagents were prepared using standard procedures and 
analyzed whenever it was necessary. Established procedures were 
used to prepare organocopper reagents.25 All other reagent-grade 
materials were purified by distillation.

General Procedure for Preparing Metallo Aldimines. The
following procedure is typical of compounds reported in Tables 
IV-VI.

To 2.085 g (15 mmol) of TMBI dissolved in 15 ml of dry ether 
at room temperature, under an argon atmosphere, was added 15.5 
mmol of ierf-butyllithium (in pentane) over a period of 2-3 min. 
After stirring for 10 min at room temperature, 3.04 g (16 mmol) of 
Cul was added and the mixture was stirred for 2.5 hr at ambient 
temperatures. The mixture was poured onto a mixture of ice and 
hydrochloric acid, under argon, and extracted with ether after 
separating inorganic material by filtration. The ether extract was 
washed with aqueous ammonia, dilute hydrochloric acid, and 
water, and dried over anhydrous sodium sulfate. Glpc analysis 
using an authentic sample on a 10 ft X 0.25 in. 10% LS 420 and 
5% DEGS on 60/50 AWCP column at 90° indicated that tert- 
butyl cyanide was formed in 61% yield.

Glpc analysis using authentic samples on the above column at 
40° showed the yield of 2,4,4-trimethylpentane and 2,4,4-tri- 
methyl-2-pentene to be 18 and 32%, respectively, when the yield 
of tert-butylnitrile was 46% (entry 2, Table III).

Identification of n-Butyl 1,1,3,3-Tetramethylbutyl Ketone. 
n-Butyl 1,1,3,3-tetramethylbutyl ketone was identified by ir, nmr, 
and mass spectral analysis: bp 79-80° (3 mm); ir (C C D  1702 (s) 
and 1368 cm "1; nmr (CCD S 0.87 (12, s), 1.11 (6, 2), 1.78-1.11 (4, 
broad), 1.62 (2, s), 2.42 (2, t, /  = 7 Hz); mass spectrum parent 
ion m/e 198.

Anal. Calcd for Ci3H260: C, 78.8; H, 13.22. Found: C, 78.76; H,
13.13.

Identification of iV-(l,l,3,3-Tetramethylbutyl)pentanamide.
JV-(l,l,3,3-tetramethylbutyl)pentanamide was identified by ir, 
nmr, and mass spectral analysis: bp 108-110° (4 mm); ir (CCD 
3440, 3360-3330, 1685 (s), 1508, and 1376 cm “ 1; ntnr (CC14) 5 0.99 
(12, s), 1.36 (6, s). 1.79 (2, s), 1.78-1.11 (4, broad), 2.09 (2, t, J  = 7 
Hz), 6.8 (1); mass spectrum m/e 213, 198, 171, 156, 142, 114, 102, 
72, 58, 57.

Anal. Calcd for C13H27NO: C, 73.19; H, 12.76; 0 , 7.50. Found: 
C, 73.20; H, 12.73; 0 , 7.48.

Identification of N-( 1,1,3,.l-Tetramethylbutyl)-2 -methylbut- 
anamide. N-(l,l,3,3-Tetramethylbutyl)-2-methylbutanamide was 
identified by ir, nmr, and mass spectral analysis: mp 86- 88°; ir 
(CCD 3435, 1685 (s), 1505, and 1372 cm“ 1; nmr (CC14) 6 0.86-
1.07 (14, m), 1.36 (6, s), 1.72 (3, d, J  = 8 Hz), 1.57-2.08 (3, 
broad), 5.22 (1, broad); mass spectrum m/e 213, 198, 156, 142,
114,102,97, 58, 57.

Anal. Calcd for C13H27NO: C, 73.19; H, 12.76; N, 6.56. Found: 
C, 73.33; H, 12,70; N, 6.54.

Identification of N-(l,  1,3,3-Tetramethylbutyl)-2,2-dimethyl-
propanamide. N-( 1,1,3,3-Tetramethylbutyl)-2,2-dimethylpropan- 
amide was identified by ir, nmr, and mass spectral analysis: mp
85-86°; ir (C D  3440, 1670 (s), 1505, and 1370 c m -1; nmr (CCD  <5
1.0 (9, s), 1.10 (9, s), 1.33 (6, s), and 1.71 (2, s); mass spectrum 
m/e 213,198, 156,142,112, 97, 85,57, 55.

Anal. Calcd for C13H27NO: C, 73.19; H, 12.76; N, 6.56. Found: 
C, 73.31; H, 12.64; N, 6.63.

General Procedure for the Reaction o f Organolithium Re
agent with TPMI. The following procedures A and B are typical 
of reactions run in 1:1 and 2:1 ratios, respectively (Table IV).

A. To a stirred solution of 2.69 g (10 mmol) of TPMI dissolved 
in 20 ml of dry THF at -78° under a dry argon atmosphere was 
added 10 mmol of ierf-butyllithium (in pentane) over a period of
2-3 min. After stirring for 30 min at -78°, the mixture was 
poured onto an ice-water, extracted with ether, and dried over 
anhydrous sodium sulfate. Glpc analysis indicated the yield of 
tert-butyl cyanide to be 88%.

B. To a stirred solution of 5.38 g (20 mmol) of TPMI dissolved 
in 30 ml of dry THF at —78° under an argon atmosphere was 
added 40 mmol of tert-butyllithium (in pentane) over a period of
8-10 min. After stirring for an additional period of 30 min, the 
mixture was brought to room temperature and stirred for 2 hr. 
The reaction mixture was worked up as above, and after the ether 
extract was concentrated, the crude ketimine was refluxed with 
dilute hydrochloric acid for 2 hr. The ether extraction was con
centrated and distilled to give 2.13 g (~75%) of di-fert-butyl ke
tone, bp 150-151°.

Di-tert-butylketimine. The above procedure was repeated but 
omitting the acid hydrolysis step. The reaction mixture was 
poured into an ice-water mixture and extracted with either. Dis
tillation of the crude reaction product gave 2.18 g (77.4% yield) of 
di-tert-butylketimine:6 bp 163-163.5°; ir (neat) 1610 and 1372 
cm-1 ; nmr (CCD  3 L24 (18, s), 0.95 (1, broad); mass spectrum 
parent ion m/e 141.
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Anal. Calcd for C9H19N: C, 76.53; H, 13.56. Found: C, 76.57; 
H, 13.66.

Identification of Dimesitylketimine. Dimesitylketimine was 
identified by ir, nmr, and mass spectral analysis: mp 124-125.5°; 
ir (CHCla) 3540-3260 (broad), 1620, 1600 (s), 910, and 855 cm" 1 
(s); nmr (CC14) 8 2.29 (12, s), 2.44 (6, s), and 9.11 (1, broad); 
mass spectrum m/e  265.

Anal. Calcd for Ci9H23N: C, 85.98; H, 8.74. Found: C, 85.86; H,
8.76.

General Procedure for the Reaction of Grignard Reagent 
with TPMI. Primary Grignard Reagent. To a stirred solution of 
35 mmol of freshly prepared rc-butylmagnesium bromide in ether 
at room temperature and under an argon atmosphere was added 
4 g (15 mmol) of TPMI dissolved in dry THF over a period of 2-3 
min. The reaction mixture was refluxed for 2 hr, poured onto a 
mixture of ice-dilute hydrochloric acid, and extracted with ether. 
Glpc analysis on a 6 ft x  0.25 in. XE-60 column indicated a 10- 
20% yield of rc-valeronitrile. Concentration of solution followed by 
elution through alumina column with a mixture of ether-pentane 
as eluent gave 0.72 g (58% yield) of 5-amino-4-cyanononene-4 (2) 
whose spectral properties were identical with that of an authentic 
sample, prepared as below.

5-Amino-4-cyanononene-4 (2). To 2.9 g (35 mmol) of rc-valero
nitrile dissolved in 5 ml of dry THF at 0° under an argon atmo
sphere was added 20 mmol of rc-butylmagnesium bromide over a 
period of 10 min. The mixture was refluxed for 3 hr and the resin
like material along with solvent was poured onto a dilute hydro
chloric acid-ice mixture. The ether extract was washed once with 
water and twice with saturated sodium chloride solution and 
dried over anhydrous sodium sulfate. Vacuum distillation of the 
concentrated crude product gave 1.45 g (49% yield) of pure prod
uct: bp 142-143° (5 mm) [lit.9 bp 125-126° (3 mm)]; ir (CC14) 
3490, 3390, 3360 (m), 2190 (s), and 1632 cm 1 (vs); nmr (CC14) 8
4.72 (s, 2, position concentration dependent), 2.35 (t, 2), 1.97 (t,
2), 1.47 (complex, 6), 0.95 (t, 6); mass spectrum parent ion m/e 166.

Hydrolysis of 5-Amino-4-cyanononene-4. An aqueous solution 
of 2.85 g of 2 in dilute hydrochloric acid was refluxed for 6 hr and 
evaporation of the ether extract gave about 2.86 g ( ~ 100%, 
crude) of product, which was then distilled: bp 100-101° (5 mm) 
[lit.9 bp 127-128° (18 mm)]; ir (CC14) 2245 (m), 1728 cm ' 1 (vs); 
nmr (CC14) 8 3.43 (t, 1), 2.72 (t, 2), 1.25-2.0 (complex, 8), 1.06 (t,
6 ).

Identification of 2-Amino-l-cyano-l,3-dicyclohexylpropene
(3). 2-Amino-l-cyano-l,3-dicyclohexylpropene was identified by 
its ir and nmr analysis: mp 134-136°; ir (CC14) 3475, 3380, 2190 
(s), 1620 cm -1 (vs); nmr (CDC13) 8 4.11 (2, broad), 2.27 (2, d, J  = 
7 Hz), 2-2.26 (1, t, overlapping with cyclohexyl protons), 1-2 (21, 
complex).

Anal. Calcd for Ci6H26N2: C, 78.0; H, 10.54. Found: C, 77.7; H,
10.62.

Secondary Grignard Reagent. To 35 mmol of cyclohexylmag- 
nesium bromide in ether at 0° under an argon atmosphere was 
added 8.07 g (30 mmol) of TPMI dissolved in 40 ml of dry THF. 
The mixture was refluxed for 1.5 hr, poured onto an ice-dilute 
hydrochloric acid mixture, and extracted with ether. The ether 
extract was washed with water,, saturated with sodium chloride 
solution, and dried over anhydrous sodium sulfate. Glpc analysis 
in a 10 ft x 0.25 in. 10% LS 420 and 5% DEGS and 60/50 AWCP 
column showed that cyclohexyl cyanide was formed in 94% yield.

After removing the solvents the mixture was distilled to give
2.55 g (78% yield) of cyclohexylnitrile, bp 44-45° (4 mm) [lit.26 bp
72-75° (12 mm)], ir (CC14) 2248 cm -1 (m).

Tertiary Grignard Reagent. To 15 mmol of tert-butylmagnes- 
ium bromide in ether at room temperature under an argon atmo
sphere was added 2.5 g (10 mmol) of TPMI dissolved in 15 ml of 
dry THF over a period of about 90 sec. The mixture was refluxed 
for 2 hr and poured onto ice-dilute hydrochloric acid mixture. 
Glpc analysis of the ether extract showed that iert-butyl cyanide 
was formed in 6-7% yield. The unreacted trityl isocyanide was 
recovered.

In a like manner, the Grignard reagent was prepared in THF 
and the reaction mixture was refluxed for 10 hr. Infrared analysis 
of the reaction product indicated the absence of TPMI. The major 
product was observed to be triphenylmethyl cyanide with less 
than 5% yield of fert-butyl cyanide.

Aromatic Grignard Reagent. To 2.42 g (9 mmol) of TPMI dis
solved in 10 ml of dry THF at 0° under an argon atmosphere was 
added 9 mmol of mesitylmagnesium bromide over a period of 5 
min. After refluxing for 2 hr, the reaction mixture was worked up 
as usual. Glpc analysis using an authentic sample indicated the 
yield of 2,4,6-trimethylbenzonitrile to he 17%.

The above reaction was repeated but refluxed for 18 hr before 
work-up. The yield of 2,4,6-trimethylbenzonitrile was observed to 
be 39%.

General Procedure for the Reaction of Organocopper Re
agent with TPMI. Reaction of rc-Butylcopper with TPMI. To
3.82 g (20 mmol) of dry cuprous iodide in 15 ml of dry ether at 
- 20° under an argon atmosphere was added 20 mmol of rc-butylli- 
thium (in hexane) drop by drop over a period of 20-25 min, giving 
a black solution. After the cold bath was removed, 2.69 g (10 
mmol) of TPMI dissolved in 20 ml of dry THF was added over a 
period of 1-2 min at a rate such that the temperature of the mix
ture was brought to 25°. The mixture was refluxed for 6.5 hr and 
then poured onto cold water under an argon atmosphere. After 
the inorganic residue was filtered off, the ether extract was 
washed with ammonia solution followed by dilute acid and finally 
with water. Glpc analysis of the dried (Na2S 0 4) reaction mixture 
indicated a 38% yield of rc-valeronitrile. After solvents were re
moved, the mixture was refluxed for 3 hr with dilute hydrochloric 
acid and extracted with ether. Glpc analysis indicated <2% yield 
of 5-nonanone.

Reaction of Lithium Di-rc-butyl Cuprate with TPMI: To an
ether solution of 25 mmol of rc-butyllithium (in pentane) and 2.38 
g (10.5 mmol) of cuprous iodide was added 2.69 g (10 mmol) of 
TPMI in 20 ml of THF. The reaction was stirred for 6 hr at 25° 
and worked up in the usual manner. Glpc analysis on a 10 ft x
0.25 in. 10% LS 420 and 5% DEGS and 60/50 AWCP column indi
cated a 40% yield of rc-valeronitrile. The yield of triphenylmeth- 
ane was found to be 84% from glpc analysis on a 4 ft x  0.25 in. 
SF-96 column. The inorganic residue was stirred with 20 ml of 
THF for 30 min over a steam bath. Filtration followed by addi
tion of petroleum ether (bp 30-60°) gave <0.1 g of triphenylcarbi- 
nol, mp 161-163°; ir was found to be identical with that of an au
thentic sample.
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Treatment of the 2-chloromethyloxazine 2 with lithium hexamethylsilazane produces the a-chloromethyloxa- 
zine carbanion 12 which, upon alkylation, leads to the elaborated oxazine. The latter may be reduced and hy
drolyzed to a-chloro aldehydes or directly hydrolyzed to a-chlorocarboxylie acids. Studies on 2 using aryl Gri
gnard reagents gave satisfactory yields of coupling products which ultimately led to arylacetic acids. However, 
alkyl Grignard or lithium reagents led to an array of products, indicating that this process would not be synthe
tically useful.

The synthetic utility of the 2-substituted 5,6-dihydro-
1,3-oxazine 1 has been well established in previous reports 
from these laboratories. A series of substituted acetal
dehydes has been prepared from the 2-methyl-, 2-benzyl-, 
and 2-carboethoxyoxazines la,3 while a/i-disubstituted 
propionaldéhydes have been obtained from the 2-vinyl 
system lb.3 Use of the 2-isopropyl- or other 2-isoalkyloxa- 
zines lc served as precursors to a-(quaternary carbon) ke
tones,4 whereas the 2-alkylidene derivatives Id led to ad
ditional a-branched ketones.1 It, therefore, becomes evi
dent that the nature of the R moiety in the oxazine 1 im
parts considerable versatility to its synthetic usefulness 
and further studies were undertaken to introduce other 
substituents of varied structure. One such substituent 
chosen for its potential utility was the chloromethyl 
group, 2. This derivative was readily prepared by con
densing chloroacetonitrile and 2-methyl-2,4-pentanediol in 
cold sulfuric acid according to previously described proce
dures for obtaining these oxazines.3

la, R =  CH3; CH2Ph; C02Et
lb, R =  C H =C H ,
lc, R =  CHMe2
ld, R=MeCH=iCHz,P hC H =C H 2
2, R = C H 2C1

Results and Discussion
Reaction of 2-Chloromethyloxazine (2) with Grignard Reagents. A study to determine whether it was feasible to 

couple the 2-chloromethyloxazine with Grignard reagents 
was initiated solely for the purpose of obtaining elaborat
ed oxazines 3 that would then serve as precursors to the 
substituted acetaldehydes 4. If successful, this sequence 
would possess three distinct advantages: (a) eliminate the 
use of n-butyllithium to form the anion 5; (b) provide an 
alternative route to the elaborated oxazine 3; and (c) 
overcome the lack of nucleophilic displacement of aryl ha
lides with 5 and provide a method for arriving at aryl-

methyl oxazines 6 (and ultimately to arylacetaldehydes). 
By placing an electrophilic site on the oxazine and utiliz
ing organometallics as the nucleophilic moiety, the roles 
of the reagents would essentially be reversed from the 
original oxazine-aldehyde synthesis.

DHOCH2C) + RMgX —* DHOCH2R — ► 0 =CHCH2R 
2 3 4

DHOCH2Li +  ArX - V  DHOCH2Ar 
5 6

The reactions of 2 with methyl, ethyl, and phenyl Gri
gnard reagents, as suitable models, were surveyed under a 
variety of conditions. Treatment of 2 with 1.0 equiv of the 
above Grignard reagents led mainly to recovery of starting 
materials (~  70-80%) when either ether or THF was used 
as solvent. This implies that a complex between 2 and the 
Grignard was formed initially without any subsequent 
transformation. The possibility that proton abstraction 
from 2 occurred, producing the anion 7, was precluded 
when the recovered chloromethyloxazine was found to be 
devoid of deuterium upon quenching in deuterium oxide.

d2o
DHOCH./ll +  RMgX - V  DHOCH"MgX+ DHOCHDC1

Cl.
2 7

When 2.5 equiv of Grignard reagent was added to 2 and 
the ethereal solution was heated overnight at reflux, 
mixtures of products were obtained (Table I). In all in
stances coupling products were obtained in poor to moder
ate yields (10-30%) accompanied by starting material and 
intractable tars. For the reaction of 2 with ethyl and 
methyl Grignard, the 2-methyloxazine was found to ac
company the coupling products. These probably arose 
from “ functional exchange” 5 between 2 and the Grignard 
reagent prior to quenching. The most interesting product 
observed was the 2-ethyloxazine 8 from ethyl Grignard 
and the 2-phenyloxazine 9 from 2-phenyl Grignard. Both 
of these compounds have been prepared previously6 and 
comparison confirmed their identity. Formation of these 
oxazines may be rationalized by an addition-elimination
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Table IReaction of RMgX +  2-Chloromethyloxazine (2) in Ether (35°, 16 hr)
Grignard (equiv) ,--------------------- ------ — ----------------------------------- Products'* --------------------- ---------------- - ----- ------ —,

CHsMgl (2.5) DHOCHs (20%) DHOCH2CH3 (20%)
CH3CH2MgBr (2.5) DHOCH3(20%) DHOCH2CH3(5%) DHOCH2CH3CH3 (20%)
CeHsMgBr (2.5) DHOCHJPh (30%) DHOPh (70%)

“ Separated by gle (SE-31 on Diatoport S) and collected for structure verification. Unidentifiable materials accounted for 
40-60% of the total material balance.

pathway on the chloromethyloxazine 2 producing the 
chloromethylmagnesium halide. No products derived from 
this species could be detected. The presence of 8 and 9

8, R — Et
9, R =  Ph

was unexpected in view of the fact that the C = N  link in 
oxazines has repeatedly been shown to be inert to Gri- 
gnard reagents.3 The presence of the electronegative halo
gen-containing substituent, however, might render the 
C = N  link in 2 sufficiently electrophilic to allow Grignard 
addition. These results indicate that direct coupling of 
Grignard reagents with 2 is not a synthetically feasible 
process. Changing solvents from ether to THF provided 
comparable mixtures of products and, thus, proved equal
ly disappointing.

In light of the remarkable solvating properties of hex- 
amethylphosphoramide7 [HMPA = (Me2N)sPO] and its 
effect upon coupling of Grignard reagents with alkyl ha
lides,8 its use in this study was evaluated. Treatment of 2 
with phenylmagnesium bromide in THF previously com- 
plexed with 2.0 equiv of HMPA gave the coupling product 
10 in 65% yield along with 5% of the l,2-bis(oxazinyl)eth- 
ylene II and 12-15% of starting material. The appearance

THF
2 +  PhMgBr-2HMPA — *-

of the ethylene derivative was not surprising in light of 
previous studies9 which showed that Grignard reagents 
tend to become stronger bases in the presence of HMPA. 
Thus, 11 would arise from proton abstraction from 2 lead
ing to the anion 12 which displaces choride ion from un
reacted 2 forming the bischloro adduct 13. The latter 
would be expected to eliminate hydrogen chloride in the

presence of the basic medium or upon aqueous work-up. 
To confirm that 11 does indeed arise from the enhanced 
base strength of the Grignard reagent, the reaction was re
peated using 1:1 THF-HMPA. The large excess of HMPA 
now present led to an 80% yield of 11 and only traces of 
the coupled product 10. When 2 was treated with ethyl or 
methyl Grignard reagents complexed with 2.0 equiv of 
HMPA, only 11 was produced. This result is consistent 
with previous observations9 that Grignard reagents con
taining sp3 carbon bonded to the magnesium become 
more basic than their sp2- or sp-bonded counterparts. In 
other words, alkyl Grignard reagents are stronger bases 
than aryl, benzyl, vinyl, or acetylenic Grignard when com
plexed with HMPA.10

In order to evaluate the scope of aryl Grignard coupling, 
p-biphenylmagnesium bromide was added as its HMPA 
complex in THF to an ethereal solution of the chlo
romethyloxazine. The coupled adduct was then hydro
lyzed, without purification, to p-biphenylacetic acid (15)

MgBr • 2HMPA

< 0 H § H h 2DHO < g ^ ^ _ c H 2C02H.

14 15

in 48% overall yield. Similarly, phenylmagnesium bro
mide was transformed into phenylacetic acid in 57% over
all yield. It, therefore, seems reasonable to conclude that 
aryl Grignard reagents may be homologated to their acetic 
acid derivative by simple coupling with the chloromethyl
oxazine. Two-carbon homologation of vinyl, benzyl, and 
acetylenic Grignard reagents should likewise take place, 
although these experiments have not been performed.

Reaction of Chloromethyloxazine 2 with Organolithi- 
um Reagents. In view of the fact that the HMPA-com- 
plexed Grignard reagents removed the a proton of the 
chloromethyloxazine leading to the bis(oxazinyl)ethylene 
11, it was desirable to evaluate the more basic organolith- 
ium reagents which might lead to a stable oxazine carban- 
ion. If this could be realized, then a route to a-chloro al
dehydes andff-chloro aicds would be cleared (Scheme I).

DHOCHiCl
RLi DHOCHLi

I
Cl

Scheme I
KX DHOCHR

I
Cl

H
0=C C H R

I
Cl

Treating 2 with n-butyllithium in THF or ether, at 
-78°, followed by addition of ethyl iodide, produced a 
mixture of products, the major one being the desired 2- 
(a-chloropropyl)oxazine 16. Also found were the ethy- 
leneoxazine 11 and varying amounts of dialkylated chlo- 
rooxazine 17. Varying the quantities of n-butyllithium 
from 1.0 to 2.0 equiv effected only slight changes in the 
composition of the mixture. When 1.0 equiv of n-butyl- 
lithium was employed, little or no dialkylated product 17 
was formed. In contrast to these results, the use of tert- 
butyllithium followed by introduction of methyl iodide 
gave generally lower yields of the desired alkylated prod-
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Table IIAlkylation of 2-Chloromethyloxazine with Lithium Biss (trimethylsilyl) amide (LiBSA) in Tetrahydrofuran
DH0CH2C1

LiBSA
RX (U equiv)

DHOCHR +

, Cl 11

18, R =  CH3
16, R = C 2H5

Entry Equiv RX Temp,“ °C Time, hr6 % 2 %  16 or 18 % a '

l i c h 3i - 7 8 0 .5 40 60 0
2 2 CH3I - 7 8 0 .5 3 97 0
3 2 CH3I - 7 8 2.0 2 97 1
4 2 c m - 3 0 2.0 2 68 30
5 2 CHal 0 1.0 2 36 62
6 2 c h 3i - 7 8 c 2 98 0
7 2 c h 3c h 2i - 7 8 0 .5 0 100* 0
8 2 CH3CH2Br - 7 8 0 .5 1 93e 6
9 2 CH3CH2C1 - 7 8 0 .5 16 7 77

° Temperatures at which 2 and base were mixed. b Time elapsed prior to addition of alkyl halide at the temperatures indi
cated. Reaction solutions were allowed to gradually warm to room temperature. c Methyl iodide added to solution of base 
followed by addition of 2. d Contained 7% dialkylated material, 17.e Contained 3% dialkylated material, 17. ! Product ratios 
were determined by vpc; isolated yields of 16 or 18 were slightly lower.

uct 18 along with the coupling product 19. The disap
pointing results obtained with alkyllithium reagents, 
namely coupling, polyalkylation, and reactions between 2 
and its lithio salt, rendered the feasibility of Scheme I 
questionable.

DHOCHiCl
1. K-BuLi
2. CH3CH J

d h o c h c h 2c h 3 +

Cl
16(60-85%)

D HOCHfil — -''BuL-^
2. CHJ

DHOCHCHs +  

Cl
18 (24-70%)

DHO
DHO

11 (10-17%)

DHOCHACHj), 

19 ( 2 0 -3 8 % )

+  DHOC(CH2CH,)2 

Cl
17 (0-20%)

11 (3-24%)
Attention was then focused on an alternative base, lith

ium bis(trimethylsilyl)amide (LiBSA), as a suitable re
agent which might minimize both coupling and polyalk
ylation owing to its steric bulk and poor nucleophilic 
character. This base has been successfully used by 
Rathke11 in his elegant alkylation of acetic esters. Fur
thermore, the base is conveniently prepared from hexa- 
methyldisilazane32 and is a stable, easily handled reagent 
soluble in both polar and nonpolar solvents.

Addition of 2 to a solution of LiBSA at -78° in THF, 
followed by introduction of T>20-DC\ at this temperature, 
gave the chloromethyloxazine devoid of any deuterium in
corporation. It thus became evident that a proton is not 
abstracted from 2 at this temperature. This implied that 
it should be possible to introduce 2, the lithium base, and 
the alkyl halide all-together at -78° and allow the reac
tion to warm slowly. When the proton is removed at some 
elevated temperature, the presence of the alkyl halide 
should allow alkylation in a style more competitive than 
that observed with n-butyl- and tert-butyllithium. This, 
indeed, proved to be the case. Allowing a THF solution 
containing 2, methyl iodide (1.1 equiv), and LiBSA (2.0 
equiv) to warm from -7 8  to -30° and then quenching

DHOCHjCl
2

LiBSA, CH3i 
-78 -  -30°

DHOCHCHs +

gave 18 in 97% yield along with a trace of the ethylene 11. 
A study was carried out to assess the stoichiometry, tem
perature, and nature of the halide. The results are pre
sented in Table II.

As seen from the tabulated results, 2.0 equiv of LiBSA 
was required to effect efficient alkylation (entry 1 and 2). 
Presumably, the base and chloromethyloxazine anion are 
in equilibrium and the excess base produced a higher con
centration of the oxazine anion. The amount of ethylene 
product 11 becomes significant at temperatures above 
-30° (entries 3-5), which means that the anion is forming 
very rapidly at these temperatures and coupling with 2 is 
facile. It is also evident from Table II that the order of in
troduction of the reactants at —78° is of no consequence 
(entry 2 and 6), since, as already mentioned, no reaction 
takes place at this temperature. Varying the halogen from 
Cl to Br to I gave the expected results (entries 7-9). Reac
tion with ethyl chloride was poor as seen by the 7% yield 
of alkylated product. The anion undoubtedly preferred 
reaction with the chloromethyloxazine, producing the eth
ylene product in 77% yield. The small quantity of diethy- 
lated material in entries 7 and 8 was readily removed by 
distillation and presented no difficulties in preparative 
runs.

In order to demonstrate that this technique was indeed 
useful for the preparation of a-chloro aldehydes, 2 was al
kylated with benzyl bromide and 3-phenylpropyl iodide, 
giving the elaborated oxazines 20 and 22, respectively. 
Subjecting these oxazines to the usual borohydride reduc
tion13 and acidic hydrolysis furnished the a-chloro al
dehydes 21 and 23 in overall yields (from 2) of 55 and 
53%, respectively. This synthesis of a-chloro aldehydes, 
therefore, provides a useful alternative to the existing 
methods which involve direct chlorination.14 The addition 
of dichloromethyllithium to carbonyl compounds15 is also 
noteworthy.

PhCH,Br 1. BH,- H
LiSBA DHOCHCH2Ph

1 2. H30+
0=CCH CH 2Ph

Cl Cl
DHOCH2Cl 20 21

2
PMCH2)3I

DHOCH(CH2)3Ph
1. BH,“' ? H

O= CCH(CH2hPhLiSBA 2. H30+

Cl Cl
23

Cl
18 (97%) H ( ~ 1%) 22
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Since oxazines have been hydrolyzed to carboxylic 
acids, this sequence should be applicable to a-chlorocar- 
boxylic acids. Heating 20, for example, with aqueous hy- 
drobromic acid-sodium bromide did produce the carbox
ylic acid 24 in good yield, but as a mixture of the chloro 
and bromo derivatives. The poor results obtained on hy
drolysis using hydrochloric acid16 precluded its use. A 
milder, more efficient oxazine cleavage was achieved by 
converting 20 to its methosulfate salt 25 (X = 
OSO3CH3-) and treating it with water. This gave the 
open-chain amino ester 26 in good yield. The latter was 
stirred in a weakly alkaline solution for a few minutes, 
which afforded the amide 27. Reacidification with 9 N  hy-

DHOCHCH2Ph — -  H02CCHCH2PhJ " Br j

Cl X
20 24 (X =  Cl, Br)

27

drochloric acid resulted in amide cleavage and furnished 
the a-chloro acid 24 (X = Cl) in 82% yield. The entire 
cleavage operation was carried out in a single vessel with
out isolation of any of the intermediates.17 The meth- 
iodide salt 25 (X = I) could not be employed in this se
quence owing to its instability. Upon standing, the iodide 
ion in 25 reacts with the chlorine substituent, generating 
copious amounts of iodine vapor.

In an effort to vary the nature of the electrophile that 
could react with the chloromethyloxazine carbanion, it is 
unfortunate that enolizable carbonyl compounds must be 
excluded. This is due to the fact that current conditions 
require all the reactants to be present simultaneously at 
-78°. For nonenolizable carbonyl compounds, reactions 
with LiBSA have also been reported.18 Nevertheless, 
when a solution of 2, benzophenone, and 2.0 equiv of 
LiBSA was allowed to warm slowly from -7 8  to 0° and 
quenched, the chlorohydrin 30 was obtained in 65% yield. 
Of interest is the fact that the hydroxy group in 30 is a to

I

DHOCHoCl
LiBSA

Ph2C = 0 DHOCH-
/

Ph

i v
Cl OLi

Ph

/ Ph
DHOCH— C

\ 0/ X f h

28

■LiCl DHOCH— C
I |X Ph 

OH Cl
29 30

the oxazine ring, which probably arose from the initial ad
duct 28 passing through the epoxide 29. The latter rear
ranged either under the influence of lithium chloride19 or 
during the aqueous work-up which involved dilute hydro
chloric acid.

In summary, the 2-chloromethyloxazine appears to pos
sess the potential for elaborating aryl Grignard reagents 
by two carbons to their acetic acid derivatives and further 
provides a route to a-chloro aldehydes and carboxylic 
acids. In the accompanying paper, the chloromethyloxa- 
zine is shown to serve as a useful precursor to phosphorus 
ylides and carbanions whose synthetic utility will be dem
onstrated.

Experimental Section
Melting points and boiling points are uncorrected. Elemental 

analyses were performed by Galbraith Laboratories, Inc., Knox
ville, Tenn., Midwest Microlabs, Inc., Indianapolis, Ind., and At
lantic Microlabs, Inc., Atlanta, Ga. Infrared spectra were deter
mined on a Perkin-Elmer 257 grating spectrophotometer. The 
nmr spectra were measured with Varían A-60A and T-60 instru
ments using carbon tetrachloride or deuteriochloroform as solvent 
containing tetramethylsilane ( ~ 1%) as the internal standard. 
Mass spectra were obtained on an Atlas CH-4 spectrometer at 70 
eV. Thin layer chromatography (tic) was carried out on silica gel 
G (PF254). The chromatograms were developed in an iodine 
chamber. Preparative thick layer chromatography (pic) was per
formed on silica gel G (PF254) and visualization of the chromato
gram was effected by exposure to short-wave uv light (Blak-Ray 
UVL-21). Vapor phase chromatography (vpc) analyses were per
formed on an F & M Model 810 (thermal conductivity) chromato
graph with column A, 10 ft X 0.25 in. o.d. copper tubing contain
ing 7% (w/w) Silicone Fluid SE-30 on Chromosorb P; a Hewlett- 
Packard Model 5750 (flame ionization) chromatograph with col
umn B, 6 ft X 0.125 in. o.d. stainless steel UCW 98, 80-100 mesh, 
column C, 18 ft x 0.125 in. o.d. UCW 98; or a Hewlett-Packard 
Model 5750 (thermal conductivity) chromatograph with column 
D, 6 ft X 0.25 in. o.d. copper tubing containing 10% (w/w) Sili
cone Fluid SE-31 on Diatoport S. Hexamethylphosphoric tri
amide (HMPA) was dried over molecular sieves (Linde) and dis
tilled onto molecular sieves for storage under argon.

2-Chloromethyl-4,4,6-trimethyl-5,6-dihydro-l,3-oxazine (2). 
To a 500-ml flask equipped with a thermometer, a stirrer, and a
125-ml addition funnel was added 100 ml of concentrated sulfuric 
acid. The acid was cooled to 0-5° with an ice-acetone bath and
41.6 g (0.55 mol) of chloroacetonitrile was added at such a rate 
that the temperature was maintained at 0-5°. After the addition 
of the nitrile was completed, 59 g (0.4 mol) of 2-methyl-2,4-pen- 
tanediol was added at such a rate that the same temperature (0-5°) 
was maintained. The mixture was stirred for an additional 1 hr 
and then poured onto 400 g of crushed ice. The aqueous solution 
was extracted with four 50-ml portions of methylene chloride (and 
the methylene chloride extracts were discarded). The cold aque
ous acid solution was carefully poured into a cooled (0°) beaker 
containing 400 g of sodium bicarbonate and 300 ml of diethyl 
ether. Upon becoming neutral a red-yellow oil appeared that was 
taken up in the ether layer. The aqueous layer was extracted with 
four 200-ml portions of diethyl ether (water was added as needed) 
and the combined ether extracts were dried over anhydrous po
tassium carbonate. The ether was removed by rotary evaporation 
and the residue was distilled through a 20-cm fractioning column 
to give 47-57 g (55-63%) of a colorless liquid: bp 41° (1.0 mm); ir 
(film) 1665 cm “ 1; nmr (CCL,) ¿ 1.2 (s, 6), 1.3 (d, 3), 1.7 (d oft,  2),
3.9 (s, 2), 4.2 (m, 1).

The product can be stored indefinitely under nitrogen at -20° 
over a few grains of potassium carbonate.

Anal. Caled for C8Hi4NOCl: C, 54.70; H, 8.03; N, 7.97. Found: 
C, 54.92; H, 7.98; N, 7.76.

Treatment of 2-Chloromethyl-4,4,6-trimethyl-5,6-dihydro-
1,3-oxazine (2) with Various Grignard Reagents in Ether or in 
THF. In general, coupling reactions attempted between 2 and ex
cess Grignard reagents gave mixtures as described in the discus
sion. The mixtures were analyzed on vpc volumns B and D and 
by tic and nmr. Assignments of structure were made by compari
son of isolated materials with authentic samples prepared by al
ternate routes.3 The following procedure is a typical one.

Treatment of 2 with 2 Equiv of Phenylmagnesium Bromide 
in Ethyl Ether. Phenylmagnesium bromide was prepared in the 
usual way from magnesium (3.14 g, 0.02 mol) in ether (30 ml). It 
was then added slowly to 2 (1.76 g, 0.01 mol) in ether (20 ml) and 
heated to reflux for 16 hr. The dark mixture was then cooled in 
an ice bath, 5 ml of cold 1 N  hydrochloric acid was added slowly, 
and the mixture was poured over ice and made acidic (pH ~3). 
The acidic mixture was extracted with ether (3 X 50 ml) and the
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ether extracts were discarded. The aqueous solution was neutral
ized with sodium bicarbonate and the neutral mixture was ex
tracted with ether (4 X 50 ml). The neutral ether extracts were 
dried over potassium carbonate and evaporated to give 1.49 g of 
brown liquid. The nmr and ir spectra were consistent with a 70:30 
mixture of 2-phenyl-l,3-oxazine 9 and 2-benzyl-l,3-oxazine 10.3 
The products did not separate on vpc columns B, C, or D. The 
mixture was separated by elution on a silica gel (28-200 mesh) 
column with ether. The oxazine 9 was the first component to 
elute from the column, followed by 10.

Treatment of 2 with 1 Equiv of Phenylmagnesium Bromide 
in the Presence of 2 Equiv of HMPA. Preparation of 10 from 2. 
Phenylmagnesium bromide was prepared from magnesium (0.3 g) 
and bromobenzene (1.57 g, 0.01 mol) in THE (20 ml). To the Gri- 
gnard solution was added HMPA (3.58 g, 0.02 mol), which be
came warm on mixing. The solution was added slowly to 2 (1.76 
g, 0.01 mol) in ether (35 ml) via  syringe and the resultant solution 
was refluxed for 18 hr. The solution was poured into ice water, 
made acidic (pH ~3), and extracted with ether, and the ether 
extracts were discarded. The aqueous acid solution was neutral
ized with sodium bicarbonate and extracted with ether, and the 
neutral ether extracts were dried and evaporated to yield an 
amber product (1.66 g) which consisted of 103 (85%) and recov
ered 2 (15%).

Reaction of 2 with 1 Equiv of Phenylmagnesium Bromide in 
50:50 HMPA-THF. Preparation of 11. Phenylmagnesium bro
mide was prepared as described above. To the Grignard solution 
was added HMPA (3.58 g, 0.02 mol). On mixing, some heat was 
liberated. The resultant solution was then added slowly to 2 (1.76 
g, 0.01 mol) in a mixture of THF (25 ml) and HMPA (25 ml) and 
heated to reflux for 18 hr. The product was isolated as in the pre
vious reaction. The crude product (1.20 g) was recrystallized from 
cold ethyl ether, giving 1 . 1 2  g (80%) of 1 1 : white needles, mp 
161°; ir 1631 cm“ 1; nmr (C C U ) S 6 .4  (s, 2 ), 4.1  (m, 2), 1.32 (d, 6 ),
1.2 (s, 12); mass spectrum m/e (rel intensity) 278 (20), 180 (100).

A n a l. Calcd for CieHzeNzOa: C, 69.03; H, 9.41; N, 10.06. 
Found: C, 68.97; H, 9.52; N, 10.13.

p-Biphenylacetic Acid (15). p-Biphenylmagnesium bromide 
was prepared from magnesium (0 .6  g )  and p-bromobiphenyl (5 .12  
g, 0.022 mol) in THF (50 ml). To the biphenylmagnesium bro
mide solution was added HMPA ( 8  ml). The resultant solution 
was added slowly to a solution of 2 (3.5 g, 0.02 mol) in ethyl ether 
(100 ml). The mixture was refluxed for 18 hr and the product, a 
thick yellow liquid, was isolated as in th e  previous experiment. 
The nmr spectrum of the crude material showed a mixture of 
starting material 2, the desired oxazine adduct 14, and traces of 
HMPA. The crude product was then added to a hydrobromic acid 
solution (0.08 mol of HBr in 30 ml of H20  saturated with NaBr); 
th is  refluxed for 18 hr. T h e  a c id ic  m ix tu r e  was e x tr a c te d  w ith  
chloroform and the organic layer was washed with brine. Benzene 
( 1 0  ml) was added to the chloroform solution and the solution was 
evaporated to give a tan solid (2 g, 47%), which was recrystallized 
from ethyl ether to give pure p-biphenylacetic acid 15 (1.7 g, 
41 % ), white needles, mp 165° (lit.20mp 164°).

Reaction of 2 with tert-Butyllithium. To 40 ml of THF at 
-78° under nitrogen was added ieri-butyllithium (0.011 mol in 
pentane) followed by 2  (1.76 g, 0.01 mol) in 10 ml of THF. The 
mixture was stirred for 30 min and methyl iodide (1.41 g, 0.01 
mol) was then added via  syrin g e . The mixture was allowed t o  stir 
for 2 hr, poured into cold 1 N  hydrochloric acid (~25 ml), and ex
tracted with pentane, and the pentane extracts were discarded. 
The aqueous acid solution was neutralized with sodium bicarbon
ate, extracted with ether, and concentrated to yield a yellow liq
uid (1.4 g), which was analyzed by vpc on column B (100-250°). 
The material recovered was found to be a mixture with the fol
lowing composition: 18 (24%), 19 (38%), 11 (24%), and recovered 2 
(3%). Products were identified by comparison of their physical 
properties to those of authentic samples. Oxazine 19, which had 
not been previously prepared, was isolated by preparative layer 
chromatography using ether-pentane (3:1) as the eluent, R t 0.75. 
Another sample was collected from the vpc instrument, column 
C, 135°: ir (film) 1665 cm '1; nmr (CCU 6 4.1 (m, 1 ), 2 . 0  (s, 2 ),
1.5 (m, 2), 1.3 (d, 3), 1.1 (s, 6 ), 1.0 (s, 9).

A n a l. Calcd for C12H23NO: C, 73.04; H, 11.75; N, 7.10. Found: 
C, 72.84; H, 11.66; N, 7.24.

Lithium Bis(trimethylsilyl)amide (LiBSA). The procedure of 
Amonoo-Neizer12 was followed. n-Butyllithium (0.3 mol) in hex
ane (2.56 M )  was added slowly to a stirred solution of freshly dis
tilled hexamethyldisilazane (51.5 g, 0.32 mol) in ether (100 ml). 
The mixture was heated to reflux, the solvents were evaporated, 
and the residue was dried under vacuum. The residue was then

dissolved in THF to obtain a 2  M solution and used in the subse
quent reactions.

2-(l-Chloroethyl)-4,4,6-trimethyl-5,6-dihydro-l,3-oxazine
(18). A 50-ml portion of a 2 M  solution of LiBSA, prepared as 
above and cooled to -78° in Dry Ice-acetone under nitrogen, was 
treated with 8 . 8  g (0.05 mol) of 2 in 1 0  ml of THF. Mel (8.46 g, 
0.06 mol) in 10 ml of THF was slowly added via  syringe. The re
sultant solution was allowed to slowly warm to 0° (3-3.5 hr) and 
poured into cold 6  N  hydrochloric acid solution (40 ml). The acid 
solution was extracted with petroleum ether and the extracts 
were discarded. The acid solution was then neutralized using so
dium bicarbonate and extracted with ether. The ether extracts 
were evaporated and the residue was distilled, furnishing 8.14 g 
(85%) of 18: bp 44° (1.3 mm); ir (film) 1665 cm-1; nmr (CCI4) S

4.3 (q, 1), 4.2 (m, 1), 1.7 (d oft, 2), 1.6 (d, 3), 1.3 (d, 3), 1.1 (s, 6 ). 
Vpc analysis on column C (135°) indicated that the material con
tained less than 1 % of 2 .

A nal. Calcd for C9Hi 6NOC1: C, 56.99; H, 8.50; N, 7.33. Found: 
C, 57.04; H, 8.43; N, 7.08.

2-( 1-Chlor opropyl)-4,4,6-trimethyl-5,6-dihydro-1,3-oxazine
(16) was prepared in the same manner as 18, using ethyl iodide. 
Oxazine 16 was obtained in 92% yield (distilled), bp 45° (0.4 
mm); vpc analysis on column B (135°) indicated the absence of 2 
and less than 1% dialkvlated material (17); ir (film) 1665 cm-1 ; 
nmr (CC14) 5 4.2 (m, 1 ), 4.0 (t, 1 ), 1.9 (m, 2), 1.7 (m, 2 ), 1.3 (d,
3), 1.1 (s, 6 ), 0.9 (t, 3); mass spectrum m/e (rel intensity) 205 (6 ), 
203 (16), 168 (48), 84 (100).

2-(1-Chloro-2-phenylethyl)-4,4,6-trimethyl-5,6-dihydro-1,3- 
oxazine (20). Using the above procedure, 2 was treated with ben
zyl bromide or benzyl chloride and the reaction was quenched at 
-30°. A 72 and 6 8 % yield, respectively, of 20 was obtained: bp 98° 
(0.15 mm); solidified mp 65-66.5° (pentane); ir (film) 3080-3020, 
1665, 1605 cm '1; nmr (CC14) d 7.2 (s, 5), 4.3 (t, 1 ), 4.1 (m, 1 ), 3.2 
(d of d, 2), 1.5 (d of t, 2), 1.3 (d of d, J  = 1 Hz, 3), 1.1 (d, J  =  1 
Hz, 3), 0.9 (s, 3).

A n a l. Calcd for C15H20NOCI: C, 67.80; H, 7.60; N, 5.26. Found: 
C, 67.54; H, 7.77; N, 5.32.

2-Chloro-3-phenylpropanal (21). The oxazine 20 was reduced 
with sodium borohydride according to the general procedure pre
viously described. 3 The excess sodium borohydride was destroyed 
at —45° with 3 N  hydrochloric acid solution to avoid halogen re
moval. The crude isolated aldehyde, after oxalic acid hydrolysis, 
gave a single peak on vpc analysis (column B, 155°). Distillation 
afforded pure material: bp 112° (13 mm); re25d 1.5358 (lit. 2 1  n14d 
1.5375); ir (film) 1735 cm '1; nmr (CCU) 6 9.63 (J = 2  Hz, d, 1 ); 
semicarbazone mp 199°.

2-(l-Chloro-4-phenylbutyl)-4,4,6-trimethyl-5,6-dihydro-l,3- 
oxazine (22). Using the above procedure, 2 was treated with 1- 
iodo-3-phenylpropane and the reaction was quenched at 0°. Oxa
zine 22 was obtained in 83% yield: bp 115° (0.05 mm); ir 3080- 
3020, 1665, 1605 cm' 1; nmr (CCI4) 5 7.2 (s, 5), 4.2 (m, t, 2 ), 2 . 6  (t, 
2), 1.4-2.2 (m, 4), 1.3 (d, 3), 1.2 (s, 6 ); mass spectrum m j e  (rel in
tensity) 293 (5), 295 (16), 258 (27), 175 (100), 141 (27).

2-Chloro-5-phenylpentanal (23). Oxazine 22 was reduced with 
sodium borohydride and the aldehyde 23 was released3 after oxal
ic acid hydrolysis. Distillation furnished pure a-chloro aldehyde: 
bp 77° (0.075 mm); ir (film) 1730 c m '1; nmr (CCI4) & 9.4 (d, J  =  
2 Hz, 1), 7.2 (m, 5), 4.1 (m, 1), 2.7 (t, 2), 1.4-2.2 (m, 4); semicar
bazone mp 204°.

A n a l. Calcd for C11H13CIO: C, 67.11; H, 6.65. Found: C, 67.39; 
H, 6.73.

2-Chloro-3-phenylpropionic Acid (24). To 25 ml of ether, 
under nitrogen, was added dimethyl sulfate (2.52 g, 0.02 mol) and 
20 (2.66 g, 0.01 mol). The solution was stirred overnight, during 
which time an oil separated from solution. The ether was evapo
rated, cold water was added, and the resulting acidic solution was 
made basic (pH ~10 for 5 min). The mixture’ was again made 
acidic by addition of 9 N  hydrochloric acid (pH ~ 1 ) and the so
lution was heated to reflux overnight. The mixture was extracted 
with chloroform, and the chloroform extracts were dried (sodium 
sulfate) and evaporated. The residue was distilled, giving 1.52 g 
(82%) of 24: bp 170° (2 mm) [lit.2 2  bp 170-174° (25 mm)]; ir 3500- 
2400, 1745, 1605 c m '1; nmr (CDCI3) 5 11.9 (b, 1 ), 7.15 (s, 5), 4 . 4  

(t, 1), 3.3 (d oft, 2).
2-(2-Chloro-l-hydroxy-2,2-diphenylethyl)-4,4,6-trimethyl- 

5,6-dihydro-l,3-oxazine (30). Using the above procedure, 2 was 
treated with benzophenone and the reaction was quenched at 0 °. 
Oxazine 30 was obtained in 63% yield: mp 130° (hexane); ir 
(KBr) 3110, 1665 c m '1; nmr (CCI4) S 7.0-7.8 (m, 10), 6 . 8  (s, 1 , 
exchangeable with D20), 5.0 (s, 1), 4.0 (m, 1), 0.6-1.7 (m, 1); 
mass spectrum m / e  (rel intensity) 322,182, 140,105 (100).
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A n a l. Calcd for C2 3H2 4NO2 CI: C, 70.48; H, 6.76; N, 3.91. 
Found: C, 70.62; H, 6.84; N, 3.71.
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The Chemistry of 2-Chlorom ethyloxazines. Formation of Phosphoranes and 
Phosphonates. The U se of a,/3-Unsaturated O xazines as a Common 

Interm ediate for the Synthesis of Aldehydes, Ketones, and Acids1
G. Ray Malone and A. I. Meyers*2

D e p a r tm e n t  o f  C h em is try , W a y n e  S ta te  U n iversity , D e tro it, M ich ig a n  48202  

R e c e iv e d  A u g u s t  31, 1973

The 2 -chloromethyIoxazine I has been found to yield phosphonium salts 2  and phosphonates 3 which serve as 
“Wittig-type” reagents upon reaction with carbonyl compounds. The resulting a,d-unsaturated oxazines 5, in 
turn, have been shown to serve as a common precursor to unsaturated aldehydes, ketones, and acids by (a) so
dium borohydride reduction of 5 or their N-methyl quaternary salts 24, (b) addition of organolithium reagents 
to the N-methyl quaternary salts 24, and (c) hydrolysis of 24 in aqueous medium.

The availability o f the 2-chloromethyloxazine 1 and its 
successful use of an electrophile1 has prompted an investi
gation into its potential role as a precursor to oxazine 
“ Wittig-type”  reagents. Reaction of 1 with triphenylphos- 
phine provided a 75% yield of the phosphonium salt 2 as a 
1:5.7 mixture of tautomers A and B. The infrared spec-

<RO),P A o
> L A  1N CHI’-OR, 

3a, R =  Me 
b, R = Et

trum of 2 (chloroform) showed only weak absorption at 
1660-1670 cm -1 for the C = N  link in A and strong absorp
tion at 1603 cm -1 , whereas the ultraviolet spectrum (eth
anol) exhibited bands at 273, 267, and 263 nm resulting 
from extended delocalization in B. The nmr spectrum of 2 
showed a doublet at S 4.22 (J  = 15 Hz, 0.85 H) and a 
broad signal at 8 10.2 (0.85 H) attributable to the vinyl 
and NH protons, respectively, in the B tautomer. A small, 
broad signal at 8 2.48 was present due to the a-methylene 
protons in tautomer A. The highly delocalized structure in 
B was further confirmed by a single-crystal X-ray analy
sis.3 The chloromethyloxazine also underwent a smooth 
Michaelis-Arbuzov reaction with trialkyl phosphites, fur
nishing the oxazine phosphonates 3a (40%) and 3b (80%). 
Both 2 and 3b were allowed to react with a variety of car
bonyl compounds in order to assess their ability to form 
olefinic derivatives.

When a suspension of 2 in THF was treated with potas
sium tert-butoxide, a yellow solution of the phosphorane 4 
formed immediately. The phosphorane reacted rapidly 
and exothermally with aldehydes, giving good yields of the 
trans-vinyl oxazines 5 (R2 =  H). Reactions with ketones 
were more sluggish, requiring overnight heating and re
sulting, where possible, in mixtures of geometric isomers
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Table I
Coupling of Oxazines 2 and 3b with Carbonyl Compounds

,------------- Yield, % -------------- ,
r , R j V inyl oxazine 5 From 2 From 3b B p, °C  (mm) X (EtOH ), nm (-«) v , cm -1 (film)

Ph H 94 80 1 1 0  (0.4) 274 1613 (s)
DHCr (27,000) 1644 (s)

Ph Me _ .Ph 

Me

70“ 576 1 2 2  (1.5) 275
(2 2 , 00 0 )

1611 (m) 
1645 (s)

Ph Ph ^  ^Ph

dho- ^ Y
Ph

52 77 80“ 275
(2 0 , 00 0 )

1603 (s) 
1636 (s)

Me Me 50 73 55 (1.5) 2 2 2 1612 (s)
DHÔ  Y (14,000) 1645 (s)

Me 1655 (s)
Et H

^  ^ E t
80 75 56 (1.0) 91 9

(19,600)
1626 (s) 
1653 (m)

DHO 1663 (s)

re-Hex H 82 72 1 1 0  (1.3) 213
(16,000)

1620 (s) 
1647 (m)

DHO 1664 (s)
-(C H 2) 4- 48 77 80 (0.5) 1608 (s) 

1634 (s) 
1658 (s)

2 -C 5H 4N H 72 65 128 (0.5) 1599 (m) 
1613 (s) 
1653 (s)

“ 50:50 cis-trans mixture.b 24:76 cis-trans mixture. 0 Melting point.

(Table I). Furthermore, simple alkaline hydrolysis of the 
phosphorane 4 readily gave the 2-methyldihydroxazine 
7a .4 When the hydrolysis was performed in D 20-N aO D , a 
70% yield of the 2-trideuteriomethyloxazine 7b was isolat
ed. This method, in which the deuterated oxazine can be 
obtained in quantity, should provide a route to tetradeu- 
terioacetaldehyde4 and other a -deuterioacetaldehyde deriv
atives. Treatment of the oxazine phosphonate 3b with so
dium hydride in dimethoxyethane cleanly produced the 
anion 6 . Its reaction with carbonyl compounds was found 
to be more efficient and occurred smoothly at room tem
perature, (Table I). The reaction of 6 with acetophenone 
gave a 24:76 mixture of 5. The isomer containing the phe-

KOf-Bu H
------- > DHO-C = P P h 3

THF

DHO-R 
7a, R = CH3 
b, R = CD,

DHO-CHP(OEt)2

0

3b

nyl group trans to the oxazine ring was the predominant 
product. The isomer ratio from acetophenone and 4 was 
approximately 50:50. On heating to 180° for 45 min, the 
mixture was brought to thermal equilibrium, furnishing a 
15:85 cis-trans mixture. Thus, the oxazine phosphonate 
anion 6 , at room temperature, couples with ketones to 
give nearly thermodynamic products.

It was desired to extend the preparation of vinyl oxa
zines to the «-m ethyl derivative 8 . As stated previously, 1 
the value of the oxazines in synthesis depends greatly on 
the degree to which the 2  substituent can be varied. Intro
duction of the a-methyl group (i.e., 8) would lead to a- 
methyl aldehydes, ketones, or acids. The preparation of 8 , 
as a suitable example to accomplish these goals, was suc
cessfully achieved via  two routes. Conversion of the 2-(a- 
chloroethyl)oxazine 91  to its phosphonium salt 10 took 
place upon heating with triphenylphosphine in xylene.

The yield of 10 was 45% and examination of its spectral 
properties revealed that it represented a highly delocal
ized ion similar to the phosphonium salt 2. Addition of 
potassium tert-butôxide followed by addition of benzalde- 
hyde provided the trisubstituted olefin 8 in 78% yield. A t
tempts to increase the efficiency of this sequence by start
ing with the phosphonium salt 2  and generating 10 in  s itu  
led to mixtures containing 2 (35%) and 10 (65%) and ulti
mately to di- and trisubstituted oxazine olefins 5 (R2 = 
H; R i = Ph) and 8 , respectively. Employing the oxazine 
phosphonate 3b, the a-methyl derivative 11 was obtained 
by treating the anion of 3b with 1 equiv o f methyl iodide. 
Distillation gave the monomethyloxazine phosphonate in 
89% yield and 5-8% of the dimethyloxazine phosphonate 
1 2 . Alternatively, 1 2  could be prepared in 93% yield by 
treating 3b with excess sodium hydride and methyl io
dide. It may be concluded that the oxazine phosphonium 
salts 2  and 10 and phosphonates 3  and 11 are indeed use
ful precursors to di- and trisubstituted olefins containing 
the oxazine moiety.

DHO Cl pph3 DHO.
(45%)

Me

PPh,
Cl

Me
10

1 i-BuO

2 PhCHO
(78%)

(75%)

DHO.

Me
1. NaH 8
2. PhCHO

O
II
PfOEt^

Me
(93%) 12
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It now remained for the vinyl oxazines to demonstrate 
their prowess toward the preparation o f carbonyl com 
pounds. When the vinyl oxazines 5 (R = Ph, 2-pyridyl, R i 
= H) were subjected to the standard borohydride reduc
tion,4 the tetrahydro-l,3-oxazine 13 was produced and, 
without purification, hydrolyzed with aqueous oxalic acid 
to the «,/3-unsaturated aldehydes 14 and 15. This ap
proach to 2-pyridylacrolein overcomes the previously re
ported difficulty4 which failed to produce this compound. 
In a similar fashion, the oxazine 8 led to «-methylcinna- 
maldehyde 16 in 65% yield. On the other hand, the oxa
zine 5 (R = Hex), after reduction and hydrolysis, led to a 
1:1 mixture of 2-nonenal (17) and nonanal (18). Ex-

1. BH/
5 (R ^H ex; R ^ H ) -------*■

2. H30 +

OHC
-Hex

17

+

amination of the nmr spectrum of the reduction product 
prior to hydrolysis revealed that a mixture of the expected 
product 19 and the overreduced product 21 was present. 
The latter is presumably formed by hydride attack on 19 
(or the open-chain conjugated imine) in the weakly acidic 
medium (pH 5-8, -4 5 °) affording the unsaturated amino 
alcohol 20 which rearranges to the enamine 21a, capable 
of existing in tautomeric equilibrium with 21b and 21c.

Any one of these tautomers would, on hydrolysis, lead to 
nonanal 18. The possibility o f sequential 1,4- and 1,2-hy
dride addition to 5 is also likely. However, the oxazine 5 
(Rx = R2 = M e), when treated with sodium borohydride 
in weakly acidic medium (pH 5-7), gave 22 in 94% yield.

This result would tend to substantiate the postulated 
route to nonanal (19 —* 18) described above. The unsatu
rated amino alcohol 22 was found to be stable to acid so
lution even when heated in 3 A  oxalic acid. Only a trace 
(~ 5 % ) of the desired aldehyde precursor 23 was detected

(nmr). It should also be noted that 5 (R = Hex) could be 
quantitatively transformed into 21 and ultimately to no
nanal by performing the borohydride reduction at pH 3-5. 
The increased acidity in this experiment results in an en
hancement of the reduction of 19 to 20. It appears, there
fore, that the conversion of vinyl oxazines 5 to a,/3-unsatu- 
rated aldehydes by the standard reduction-hydrolysis 
technique is limited to aryl substituents on the olefin 5 (R 
= Ph, pyridyl, etc.). It was subsequently found that over- 
reduction of aryl-substituted tetrahydro-l,3-oxazines 13 
also occurred, albeit to a small degree (1-5%). Fortunate
ly, rearrangement of these side products (i.e., 20, Hex = 
aryl) to the enamine (21, Hex = aryl) does not take 
place, as also noted for 22, and saturated aldehydes do not 
contaminate the unsaturated derivatives.

In order to circumvent these undesirable side reactions, 
it would be necessary to by-pass both the labile tetrahy- 
dro-l,3-oxazine intermediates, 19 and 21, and the acidic 
medium necessary for borohydride reduction. It is of in
terest to note again that the dihydrooxazines 5 and 8, and 
the 2-alkyl derivatives reported earlier,4 are virtually inert 
to sodium borohydride in neutral or strongly alkaline (pH 
>10) media.

It was found that the iV-methyl quaternary salts of the 
vinyl oxazines 24, readily formed in high yield using either 
methyl iodide or trimethyloxonium fluoroborate, not only 
provided the solution to the above problem, but also 
served as a source of «,/3-unsatrated ketones and acids. 
Both the iodide 24a and the fluoroborate 24b salts were 
reduced with sodium borohydride in methanol at —35 to 
-4 0 ° to the corresponding tetrahydro-l,3-oxazines in good 
yield. Acidic cleavage (oxalic acid) produced the a,£-un- 
saturated aldehydes 14 and 26 in 78 and 65% yields, re-

R,
14, R1 = Ph;R2 =  H 
26, R ^ R ^ M e

spectively. Thus, 26, which could not be prepared by re
duction of the oxazine 5, was readily formed via  its N - 
methyl quaternary salt. That the reduction temperature 
(below -3 5 °) was indeed critical was shown by the fact 
that the amino alcohol 27 was formed (~40% ) when re-

BH,
24a or b A

>  - 20°

OH Me

I
Me

Me

27
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duction was performed at —20°, At 0°, the reduction of 24 
gave 27 in 90% yield. Since reduction of the N -methyl 
salts gave 25 at low temperature and 25 cannot engage in 
ring-chain tautomerism as in the case of 21, the route by 
which 27 is formed must involve direct hydride attack on 
the 2 position of the tetrahydro-l,3-oxazine.

As already stated, the synthetic utility of the iV-m ethyl 
quaternary salts 24 was not limited to a,/3-unsaturated al
dehydes. Reaction of 24 with various organolithium re
agents led to the adducts 28 which generated the a,13-un
saturated ketones 29 after hydrolysis in oxalic acid. The

35a— c
Ri k2

RgLi a Me Me
1,2 addn b Ph H

c 111

i-BuLi 1,4 addn

''N
I

Me
30

*2

28

Ph

a Me H Ph
b Et Me Me
c f-Bu H Ph
d Et —(CH;,),—

As previously mentioned, the alkylation of 3b with ex
cess methyl iodide gave a high yield of the dimethyloxaz- 
ine phosphonate 12. Reduction with sodium borohydride 
( —40°, pH 5), after oxalic acid hydrolysis, produced the 
phosphonate aldehyde 36 in 62% overall yield. Thus, an 
entry into phosphorous-substituted aldehydes should also 
be feasible.

DHCK^P(OEt)2
II
O

3a

Me. -Me 

D H (T T (O E t)2
II
O

12
Me. .Me 

OHC/ / T(OEt)2
II
O

36

overall conversion, based upon the vinyl oxazines 5, was 
in the range of 50-80% except for the ketone 29c derived 
from terf-butyllithium addition. The bulky nature of this 
reagent resulted in addition to 24 in both a 1,2 and 1,4 
fashion (28 and 30, respectively). The te r t-butyl ketone 
was isolated after hydrolysis of 28 in 20% yield. The 1,4- 
addition product 30, also present during the acidic hydrol
ysis, led only to the amino ester 31 and did not interfere 
with the isolation of the ferf-butyl ketone. Similar behav
ior of ketene N, O-acetals related to 30 has been previously 
observed5 and their ester derivatives (31) serve as precur
sors to carboxylic acids and esters by hydrolysis or tran
sesterification. Phenylmagnesium bromide gave almost 
exclusive 1,4 addition to 24 (R i = H; R2 = Ph), providing, 
after hydrolysis, an 80% yield of /3,/3-diphenylpropionic 
acid (32) and only a trace of chalcone 33. It then became

In summary, the oxazine phosphoranes and phospho
nates serve as ready precursors to a variety of 2-vinyl oxaz
ines and the latter, via their N -methyl quaternary salts
(24), provide a common intermediate for preparing a, ¡3- 
unsaturated aldehydes, ketones, and carboxylic acids 
(Scheme I).

Scheme I

O

Ph 33
32

quite evident that the N-methyl quaternary salts also pro
vide viable routes to carboxylic acids, simply by treat
ment with aqueous sodium hydroxide. Thus, 24, on addi
tion to dilute alkali, was found to immediately and quan
titatively open to the amino ester 34. These intermediates 
could be isolated and characterized and subsequently 
cleaved to the «,/3-unsaturated acid, usually in alcoholic 
aqueous base. In a related study,6 amino esters of the type 
34 were shown to be readily transformed into their methyl 
esters by heating in methanol containing a catalytic 
amount of p-toluenesulfonic acid.

h o2ct

R2

Experimental Section
Melting points and boiling points are uncorrected. Elemental 

analyses were performed by Galbraith Laboratories, Inc., Knox
ville, Tenn.; Midwest Microlabs, Inc., Indianapolis, Ind.; and At
lantic Microlabs, Inc., Atlanta, Ga. Infrared spectra were deter
mined on a Perkin-Elmer 257 grating spectrophotometer. The 
nmr spectra were measured with Varian A-60A and T-60 instru
ments using carbon tetrachloride or deuteriochloroform as solvent 
containing tetramethysilane (~1%) as the internal standard. 
Mass spectra were obtained on an Atlas CH-4 spectrometer at 70 
eV.

Oxazine Phosphonium Chloride 2. A solution of 2-chlorometh- 
yloxazine1 1 (44.1 g, 0.25 mol) and triphenylphosphine (91 g, 0.35 
mol) in benzene (500 ml) was heated with stirring at reflux for 32 
hr. The mixture was cooled, and the salt was filtered, washed
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Table IIElemental Analysis for Vinyl Oxazines 5
R. Rs c

--------Calcd, % --------
H N c

Pound, % ------ -
H N

Ph H 78.56 8 . 3 5 6.11 78.46 8.62 6.03
Ph Me 78,97 8.70 5.76 78.68 8.65 5.86
Ph Ph 82.59 7.59 4.59 82.54 7.62 4.71
Me Me 72.88 10.56 7.73 72.99 10.76 7.65
Ed H 72.88 10.56 7.73 72.74 10.54 7.83
n-Hex H 75.90 11.46 5.90 75.63 11.50 5.86
- (C H ,) r 75.32 10.21 6.76 75.48 10.06 6.80
2 -C 5H 4N H 73.01 7.88 12.16 72.85 7.61 11.92

three times with dry ether, and dried under vacuum. The reac
tion gave 77 g (70%) of 2. The product could be recrystallized 
from acetonitrile-ether: mp 224°; uv (EtOH) 273, 267, 263 nm; ir 
(KBr) 1603 cm 1; nmr (CDC13) 5 7.45 (m, 15), 4.22 (d, 0.85, J  = 
15 Hz, exchanges with D20), 10.2 (b, 0.85, exchanges with D20), 
1.42 (d, 6), 0.81 (d, 3).

A n a l. Calcd for C25H29NPC1: C, 70.50; H, 6.86; N, 3.29. Found: 
C, 70.63; H, 6.76; N, 3.24.

Vinyl Oxazines 5 from Oxazine Phosphonium Salt 2. The
yhcs’pWoAVAWT, cblwide 2 (8.76 g, 0.02 mol) was suspended in THF 
(35 ml) and to this suspension was added freshly sublimed potas
sium tert-butoxide (2.24 g, 0.02 mol). A yellow solution of the 
phosphorane 4 formed immediately. The solution showed uv ab
sorption at 342 nm and was used in the subsequent reactions.

Aldehydes were added dropwise to the solutions prepared above 
and the mixture was allowed to stir for 4 hr (ketones were re
fluxed for 18 hr). The mixture was poured into water, made acidic 
(pH ~3), and extracted with benzene and the benzene extracts 
were discarded. The aqueous acid solution was neutralized with 
sodium bicarbonate and extracted with ether. The etheT solution 
was concentrated and the residue was applied to a neutral alumi
na column (Woelm, activity I) and eluted with ether-pentane 
(1:1). Yields and pertinent data are listed in Table I. Elemental 
analyses are given in Table II.

2-YTideuteriomeYhy\-4,4,f>-tTVmefhy\-5,?>-dihydTO-l,3-oxazine 
(7b). Phosphonium salt 2 (8.75 g, 0.02 mol) was added to D20  (20
ml) and the suspension was allowed to stir for 30 min. Ten millil
iters of 20% NaOD in D20  was added and the mixture was al
lowed to stir for 15 min. The product was extracted with ether- 
pentane (1:3) and dried over potassium carbonate. The extracts 
were evaporated and the residue was distilled to give 2.2 g (70%) 
of 7b: bp 47° (17 mm); ir 2220, 1660 cm-1; m/e 144. The methyl 
singlet at b 1.77 was barely visible.4

2-(Diethylphosphonometbyl)'4,4,6-trimethyl-5,6-dihydro-l,3- 
oxazine (3b). The chloromethyloxazine 1 (44.1 g, 0.25 mol) was 
added to triethyl phosphite (100 g) and the solution was refluxed 
vigorously for 24 hr. The solution was then distilled under vacu
um (0.1 mm) and the oxazine phosphonate 3b, bp 109° (0.075
mm) , was collected. The reaction gave 55 g (80%) of a pale yellow 
liquid: ir Ibbu, 1260,1050, 000 cm -1; nmr (CCW) h 3.8-4.4 (m, 5),
2.6 (d, 2, J  = 21 Hz), 1.8 (d oft, 2), 1.3 (t, 6), 1.2 (d, 3), 1.1 (s, 6).

A n a l. Calcd for Ci2H24NC>4P'. C, 51.99; H, 8.73; N, 5.06. Found:
C, 52.01; H, 8.70; N, 5.12.

2-(Dimethylphosphonomethyl)-4,4,6-trimethyl-5,6-dihydro-
1,3-oxazine (3a) was prepared as described above using trimethyl 
phosphite. The reaction gave 3a in 45% yield: bp 102° (1 mm); 
mp 56-57° [petroleum ether (bp 30-60°)]; ir 1660, 1260 cm-1; nmr 
(CCI4 ) b 4.2 (m, 1), 3.8 (d, 6, J  =  12 Hz), 2.6 (d, 2, J  =  22 Hz),
1.7 (d oft, 2), 1.4 (d, 3), 1.2 (s, 6).

A n a l. Calcd for CioHzoNChP: C, 48.20; H, 8.10; N, 5.62. Found: 
C, 47.98; H, 8.22; N, 5.48.

Vinyl Oxazines 5 from Oxazine Phosphonate 3b. Oxazine 
phosphonate 3b (5.54 g, 0 .0 2  m o l) was added to a stirred suspen
sion of sodium hydride (1.0 g of a 56% dispersion, 0.022 mol) in 30 
ml oi 1,2-dimethoxyethane (I1ME). The evolution oi hydrogen at 
25° was complete after 2.5 hr and the resulting yellow solution 
was treated with 0.22 mol of aldehyde or ketone. Stirring was 
continued for 4 hr at room temperature, the mixture was poured 
into ice-water, acidified (1 IV HC1), and extracted with petroleum 
ether, and the extracts were discarded. The aqueous solution was 
made basic (pH ~9) and the vinyl oxazine 5 was recovered by 
ether extraction, concentration, and distillation (c f. Table I).

Phosphonium Salt 10. A solution of 19.0 g (0.1 mol) of 91 and 
35 g (0.13 mol) of triphenylphosphine in 150 ml of xylene was 
heated to reflux for 48 hi. Isolation of 10 was accomplished as

previously described for 2. The salt 10, mp 241° (acetonitrile- 
ether), was formed in 45% yield (18.0 g): ir (KBr) 1600 cm-1; nmr 
(CDCI3 ) 3 9.0 (b, exchangeable with D20), 5.2 (b, exchangeable 
with D2 0), 7.4-8.2 (m, 15).

Anai. Calcd for C2,H 3 1N0PC1: C, 71.74; H, 6.91; N, 3.10. 
Found: C, 71.80; H, 6.99; N, 3.27.

Phosphonate 11. The sodium salt of 3b prepared as above was 
treated with 1 equiv of methyl iodide and the mixture was stirred 
overnight. The mixture was poured into water and extracted with 
ether. Evaporation and distillation gave VI (89%): bp 97° (0.1 
mm); ir (film) 1660, 1260 cm-1; nmr (CCI4 ) b 4.1 (m, 5), 2.5 (m, 
1 , J  = 23 Hz), 1.1-1.8 (m, 20).

A n a l. Calcd for Ci3 H2 6NO.sP: C, 53.60; H, 9.00. Found: C, 
53.92; H, 9.22.

2- (V-Phenylpiopen-2-yV)-4,4,6-trimethyl-5,6-dihydTO-l,3-oxa- 
zine (8 ) was prepared from phosphonium salt 2 in 78% yield and 
from phosphonate 3b in 75% yield according to the procedures al
ready outlined using these reagents: bp 80° (0.05 mm); uv 
(EtOH) 261 nm ( t  20,000); ir (film) 1620, 1635 cm -1; nmr (CC14) 
5 7.3 (s, 6 ), 4.1 (m, 1 ), 2 . 0  (d, 3, J = 1.5 Hz), 1.7 (d oft, 2 ), 1.4 (d,
3), l.l(s , 6).

A n a l. Calcd for Ci6H2 iNO: C, 78.97; H, 8.70; N, 5.76. Found: 
C, 79.00; H, 8.55; N, 5.73.

Oxazine Phosphonate 12. The sodium salt of 3b was prepared 
in the manner described for tbe preparation of 11 except that 2.5 
equiv of sodium hydride was employed. Addition of 2.5 equiv of 
methyl iodide followed and the solution was stirred overnight. 
The reaction gave 12 in 93% yield: bp 110° (0.5 mm); ir (film) 
1660, 1260 cm-1; nmr (CCI4) 5 4.05 (m, 1 ), 4.95 (pentet, 4), 1.6 (d 
oft, 2), 1.4 (d, 3), 1.3 (t, 6 ), 1.1 (s, 6 ), 1.15 (s, 6 ).

A n a l. Calcd for CitH^NChP: C, 55.07; H, 9.25; N, 4.59. Found: 
C, 54.96; H, 9.33; N, 4.80.

Diethyl 1-Formyl-l-methylethylphosphonate (36). Reduction 
of the oxazine phosphonate 12 using sodium borohydride (-45°, 
pH 5-7) as previously described4 followed by heating in oxalic 
acid (2 hr) gave an aqueous mixture which was extracted with 
ether. Distillation of the ether residue gave 36 in 65% yield: bp 
62° (0.4 mm); ir (film) 2720, 1720, 1250 c m '1; nmr (CCI4 ) b 9.6 
(d, l,e /=  2 Hz), 4.1 (pentet, 4), 1.4-1.2 (d, t, 12).

Anal. Calcd for CgHnPCU: C, 46.15; H, 8.24. Found: C, 46.20; 
H, 8.00.

Aldehydes from Vinyl Oxazines 5. The following aldehydes 
were prepared from the indicated vinyl oxazine 5 by the general 
borohydride reduction-oxalic acid hydrolysis procedures de
scribed previously4 on a 40-mmol scale.

Cinnamaldehyde (14) was prepared in yields of 50-75% from 5 
(Ri = Ph; R2 = H). Yields appeared to be dependent upon the 
pH of the borohydride reduction step. The pH was varied in sev
eral runs from 5 to 9. Best results were obtained with ar. apparent 
pH of 7. The product formed a semicarbazone, mp 206-207° (lit.7 
mp 208°).

3- (2-Pyridyl)acrolein (15) was prepared in 45% yield from 5 
(Ri = CsH5N; R2 = H). The product was isolated by neutraliza
tion of the oxalic acid solution with sodium bicarbonate and ex
traction of tbe product witb ether. The product 15 had mp 42° 
(hexane) (lit.8 mp 43°); ir (film) 2760,1670 cm '1.

2-Methyl-3-phenylacrolein (16) was prepared from 8 in 65% 
yield. The product formed a semicarbazone, mp 207° (lit.7 mp 
207-208°).

A 50:50 Mixture of 2-Nonenal (17) and Nonanal (18) was 
prepared from 5 (Ri = R2 = H) in 61% yield. The products were 
collected from vpc using 10% SE-31 on Diatoport S at 100° and 
identified by the melting points of their respective 2.4-dinitro- 
phenylhydrazones. 2-Nonenal7 and nonanal7 gave derivatives 
which melted at 126 and 106°, respectively.
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Reduction of 5 (Ri = R2 = Me) to 22. Treatment of 3.62 g 
(0.02 mol) of 5 with aqueous sodium borohydride (-45°, pH 5-7) 
according to the standard procedure4 gave, after extraction with 
ether, 3.43 g (94%) of 22: bp 80° (0.3 mm); ir (film) 3260 cm "1; 
nmr (CC14) 6 5.2 (t, 1), 3.9 (m, 1), 3.1 (d, 2), 1.6 (s, 3), 1.7 (s, 3), 
0.9-1.5 (d, s, m, 13); NH, OH protons exchangeable with D20 
were masked in the latter region of the spectrum.

Anal. Calcd for CnH23N0: C, 71.30; H, 12.51; N, 7.56. Found: 
C, 71.01; H, 12.49; N, 7.80.

IV-Methyl Salts 24a and 24b (Ri = H; R2 = Ph). A. Meth- 
iodide 24a. Treatment of 5 (Ri = H; R2 = Ph) with excess meth
yl iodide in a small amount of ether with gentle warming for 18 hr 
in the dark resulted in a 96% yield of 24a. The product was 
washed with ether for use in subsequent reactions. Recrystalliza
tion from acetonitrile-ether resulted in yellow needles, mp 223- 
224°, ir 1590,1635 cm -1.

Anal. Calcd for Ci6H22NOI: C, 51.76; H, 5.97; N, 3.77. Found: 
C, 52.06; H, 6.12; N, 3.85.

B. Methyl Fluoroborate 24b. Treatment of 5 (Ri = H; R2 =
Ph) with 1.5 equiv of trimethyloxonium fluoroborate in methylene 
chloride cooled to 0° for 30 min resulted in a 93% yield of the salt, 
which was isolated by filtering the methylene chloride solution, 
removal of the solvent, and recrystallizing from acetonitrile-ether 
to give colorless plates, mp 164°, ir 1590,1634 cm '1.

Anal. Calcd for C16H22NOBF4: C, 58.03; H, 6.70; N, 4.23. 
Found: C, 57.99; H, 6.52; N, 4.53.

N-Methyl Salt 24a (Ri = R2 = Me). The salt was prepared as 
above using excess methyl iodide and crystallized in quantitative 
yield. The salt was recrystallized from acetonitrile-ether to give 
colorless needles, mp 202°, ir 1574,1625 cm-1 .

Anal. Calcd for C12H22NOI: C, 44.59; H, 6.87; N, 4.33. Found: 
C, 44.65; H, 6.90; N, 4.37.

Reduction of N-Methyl Salt 24a (Ri = R2 = Me) with Sodi
um Borohydride at 0°. The methiodide salt 24a (6.46 g, 0.02 mol) 
was dissolved in absolute methanol (20 ml) and the solution was 
cooled to -30°, and to this solution was added, dropwise, sodium 
borohydride (0.02 mol) dissolved in a minimum amount of water. 
The solution was allowed to warm to 0° during a 1-hr period, 50 
ml of cold water was added, the product was. extracted with 
ether, and the ether extracts were washed with brine and dried 
(Na2S04). Evaporation and distillation of the residue gave 5.41 
g (90%) of 27: bp 50° (0.05 mm); ir 3220 cm -1; nmr (CC14) S 5.9 
(br s, 1, exchangeable with D2O), 5.2 (t, 1), 4.0 (m, 1), 3.1 (m, 2), 
2.2 (s, 3), 1.7 (s, 3), 1.8 (s, 3).

Anal. Calcd for Ci2H25NO: C, 72.31; H, 12.64; N, 7.03. Found: 
C, 72.28; H, 12.63; N, 6.79.

Reduction of iV-Methyl Quaternary Salts 24a and 24b. Prep
aration of Aldehydes 14 and 26. The following /V-methyl tet- 
rahydrooxazines 25 were prepared by reduction of the corre
sponding N-methyl salts using sodium borohydride in methanol. 
The methanol solution was cooled (—45 to —35°) and this temper
ature was maintained throughout the reaction (30 min). Excess 
borohydride was destroyed at -45° by the addition of dilute hy
drochloric acid. The solution was then made basic and the prod
uct was isolated by ether extraction. Drying and concentration of 
the extracts followed by distillation furnished the products.

The tetrahydrooxazine 25 (Ri = H; R2 = Ph) was prepared 
from 24a (98%', 85% distilled) and from 24b (93%): bp 95° (0.05 
mm); ir 3100-3480, 1628, 1600 cm -1; nmr (CC14) S 7.0-7.6 (m, 5),
5.8 (d of d, 1), 6.7 (d, 1), 4.8 (d, 1), 3.8 (m, 1), 2.2 (s, 3), 0.8-1.8 
(m, 11),

Anal. Calcd for C16H23N0: C, 78.32; H, 9.45; N, 5.71. Found: 
C, 78.26; H, 9.33; N, 5.46.

The product was hydrolyzed to cinnamaldehyde using aqueous 
oxalic acid (reflux 2 hr) in 78% yield.

The tetrahydrooxazine 25 (Ri = R2 = Me) was prepared from 
24a (95%). The crude product 25 was hydrolyzed to 3-methyl-2- 
butenal (26) by oxalic acid in 65% yield. The aldehyde 26 formed 
a semicarbazone, mp 222° (methanol) (lit.7 mp 221-222°).

Preparation of Ketones 29 from A-Methyl Salts of Vinyl Ox- 
azines 24. To a suspension of the JV-methyl iodide or fluoroborate 
(0.02 mol) in 20 mol of THF cooled to 0° was added a solution of 
the organometallic reagent (Grignard reagent or organolithium 
reagent, 0.022 mol) by drops; 2 hr was allowed for complete reac
tion. The solution was poured onto ice and then extracted with 
ether. The ether extracts were dried (K2C03) and evaporated to 
give the intermediate 28 which was directly subjected to oxalic 
acid cleavage as described previously.

The following ketones were prepared by this general procedure 
from the indicated starting materials.

4- Phenyl-2-buten-2-one (29a) was prepared from methyllith- 
ium and 24a (Ri = H; R2 = Ph) as described above in 82% yield. 
The product formed a semicarbazone, mp 176° (lit.7 mp 177.5°).

4,4-Dimethyl-l-phenyl-l-penten-3-one (29c) was prepared 
from tert-butyllithium (solution in pentane) and 24a (Ri = H; 
R2= Ph) in 20% yield. The product had mp 43° (lit.7 mp 43°).

5- Methyl-4-hexen-3-one (29b) was prepared from ethyllithium 
and 24a (Ri = R2 = Me) in 55% yield. The product formed a 
semicarbazone, mp 160° (ethanol-water) (lit.7 mp 162°).

4-Cyclopentylidine-3-butanone (29d) was prepared from 5 [Ri 
= R2 = -(CH2)H  by preparing, in  situ , the N-methiodide salt 
24a, removing the excess methyl iodide in  va cu o , and addition of 
a solution of ethyllithium in THF. The crude adduct 25 was hy
drolyzed without further purification to th e  k e to n e  29d (55%), bp 
96° (20 mm), semicarbazone mp 171° (lit.9 mp 170-171°).

Preparation of Carboxylic Acids 35 from IV-Methyl Salts of 
Vinyl Oxazines 24a. The methiodide salts 24a were dissolved in 
cold water and the solution was rendered alkaline (pH —10). 
After stirring for 10 min, the solutions were heated to reflux (3-4 
hr) and reacidified. Extraction of the aqueous solution with ether 
afforded the carboxylic acids 35. In this fashion d-d-dimethyl- 
acrylic acid (35a, 68%, mp 70°), cinnamic acid (35b, 92%, mp 131°), 
and cyclopentylideneacetic acid (35c, 87%, mp 64°) were ob
tained.

Amino Ester 34 (Ri = R2 = Me). The methiodide salt 24a 
(6.46 g, 0.02 mol) was dissolved in cold water (25 ml) and the so
lution was made basic (pH ~10) for 10 min. The product was ex
tracted with ether, and the ether extracts were dried (K2C03) 
and evaporated to give on distillation 3.93 g (92%) of 34, bp 75° 
(0.1 mm), ir 1710,1650 cm-1.

A n a l. Calcd for Ci2H23N 02: C, 67.57; H, 10.87; N, 6.57. Found: 
C, 67.54; H, 11.03; N, 6.77.

On heating in aqueous dilute sodium hydroxide (1.5 N )  for 4 hr, 
the amino ester produced d,(J-dimethylacrylic acid (35a) in 80% 
yield.
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The hydrogenation of the title compound was reinvestigated and the major product was reassigned the trans 
configuration. The structure assignment was based on a single-crystal X-ray study of 6a-bromo-4a-(3,5 -di- 
methyl-4-isoxazoylmethyl)-ld-hydroxy-7ad-methyl-3a«,6,7,7a-tetrahydro-5(4ii)-indanone (3 ). The bromo com
pound 3 crystallizes in the tetragonal space group PAz/nbc with a = b = 15.6134 and c = 27.8258 A. The struc
ture was solved by the heavy atom method and refined to an R index of 11.2%. A rationalization of the stereo
chemical outcome of the hydrogenation of hydrindanones is offered.

The production o f a trans CD ring juncture has been a 
serious problem in the efficient total synthesis of steroids. 
While studying the utility o f the isoxazole annelation se
quence2 for steroid synthesis we hoped to overcome this 
problem by hydrogenating the hydrindanone isoxazole 1 . 
If file enone 1  could be stereospecificafly reduced to the 
trans bicyclic ketone 2 , then the isoxazole ring could easi
ly be converted into the B ring o f a de-A steroid with the 
natural configuration.

1

2
Hydrogenation of 1 over palladium on charcoal in acidic 

ethanol gave an 85:15 mixture o f two reduced ketones, 2a 
and 2b. These two ketones exhibited angular methyl 
group resonances at 6 1.09 and 1.25, respectively, in the 
nmr. This hydrogenation had been studied previously by 
McMurry,3 and he had assigned ketone 2b, the 5 1.25 
compound, to the trans series on the basis o f the half
width of its angular methyl group signal in the nmr.4 This 
assignment seemed unlikely because the Ziircher5 rules 
predict that the trans ketone should exhibit an angular 
methyl resonance 5 0.091 upfield from that o f the cis ke
tone and because there was precedent which suggested 
that 4-substituted hydrindanones should give 30-80% 
trans product.6

In fact, hath, reduced ketones, 2a and 2b, exhibited sim
ilar, wide, angular methyl group resonances in the nmr 
(AWh/2  = 0.75 and 0.65 Hz, respectively). Stereochemis
try could be assigned, with confidence, only after the 
X-ray crystal structure of the bromo ketone 3 had been 
completed. The bromo ketone 3 was prepared by PHT 
bromination7 o f 2a, which in turn was isolated from the 
hydrogenation mixture by repeated fractional crystalliza
tion.

The X-ray data from 3 were collected with nickel-fil
tered Cu K a radiation to a spacing of 0.94 À. The struc
ture was solved by the Patterson method and refined by 
full-matrix least-squares refinement with anisotropic tem
perature factors of all nonhydrogen atoms. The R index is
11.2%. A view o f the molecule is shown in Figure 1 and re
veals that bromo ketone 3 and therefore 2a have the trans 
configuration and not the cis assigned by McMurray.

Discussion
The effect o f a substituent at C-4 on the stereochemis

try of hydrindanone hydrogenation is a curious phenome
non. The parent enone without a side chain at C-4 (4) 
gives largely the cis product upon reduction,8 while sub
stituted hydrindanones (5) give considerably more of the 
trans product. The amount of trans product is roughly6 
correlated with the size of the side chain.

5
The classical Horiuti-Polanyi9 mechanism of hydroge

nation requires that the twp hydrogen atoms add to the
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Figure 1. O R T E P  d ra w in g  o f  th e  b ro m o  k e to n e  3.

same side of an olefin. In the case of a substituted hy- 
drindanone 5 this means that the side chain must become 
axial in the trans product unless there is a prereduction 
double-bond equilibration. We did not observe any axial 
product under our acidic hydrogenation conditions, but 
Baggaley10 has reported that hydrogenation o f a hydrinda- 
none with a methoxy group at C-4 (5, R = OCH3) under 
neutral, nonequilibrating conditions did give a trans prod
uct with an axial methoxy group. The question, then, is 
why a side chain at C-4 leads to the production of more of 
the product with the least stable ring junction, especially 
when this requires the side chain to become axial.

Part of the answer is that the hydrogenation of 4 and 1 
may have different product-determining steps. Unlike 4, 
the hydrogenation of 1 exhibits no pressure effect on the 
stereochemistry of the product.90 This suggests that the 
slow step in the hydrogenation of 1 , the tetrasubstituted 
olefin, is the formation of the adsorbed olefin1 1  and not 
the formation of the half-hydrogenated state. The stereo
chemical results than can be rationalized in terms of a 
boat-like complexed olefin . 12

There are two plausible boat complexes, A and B, each 
leading to a different product. Addition of hydrogen in 
some fashion13 to the cis boat A will give a cis saturated 
ketone. However, if the R group is large, steric repulsion 
between the side chain and the 3a hydrogen atom in the 
cis boat A will favor the trans boat B. Transfer of hydro
gen and desorption of B gives a trans boat saturated ke
tone with an equatorial side chain. Ring inversion then 
gives the trans chair axial product. In the case of 1 , the 
first-formed trans chair axial product is presumably equil
ibrated under the acidic reaction conditions to the ob
served trans chair equatorial product.

M  M

M  s t a n d s  f o r  a m e t a l  s u r fa c e  atom  
The boat intermediate may well be a consequence of 

the stereoelectronic requirement that the two carbon- 
metal bonds be eclipsed and coplanar in the olefin com 
plex . 14 Hussey15  has pointed out that this eclipsing of car
bon-metal bonds during the hydrogenation of simple, iso
lated, cyclohexene double bonds implies a boat intermedi

Experimental Section
Preparation of 4a-(3,5-Dimethyl-4-isoxazolylmethyl)-l/8- 

hydroxy-7a/S-methyl-3aa,6,7,7a-tetrahydro-5-(4H)-indanone 
(2a). A  so lu tio n  o f  50 m g  (0 .182  m m o l) o f  isox a zo le  a lc o h o l 1 in
0.01 M  p e rch lo r ic  a c id  in  e th an ol a n d  15 m g  o f  10%  p a lla d iu m  on  
ch a rco a l w as stirred  fo r  48 hr u n d er  1  a tm  o f  h y d ro g e n . S o lid  s o 
d iu m  b ica rb o n a te  w as a d d e d , a n d  th e  m ix tu re  w as sw irled  fo r  5 
m in . F iltra tio n  an d  e v a p o ra tio n  gave 49 m g  (0 .177  m m o l, 97 .5%  
y ie ld )  o f  a  s e m iso lid  m a ter ia l id e n t ifie d  as an  85 :15  m ix tu re  o f  
trans an d  c is  h y d r in d a n o n e . R e cry sta lliz a tio n  fro m  h e x a n e - is o 
p ro p y l eth er  ga ve  a p u rer sa m p le  o f  2a: m p  1 4 6 -1 4 9 °; n m r 
(C D C I3 ) 5 3 .73  (m , 1 H ) , 2 .73  (s , 3 H ) , 2.21 (s , 3 H ) ,  1 .09  (s , 3 H ) ; 
ir  (C H C I3 ) 3 .03 , 5 .89 , 6 .10, 9 .02 , 11 .18 p ; m ass sp e c tru m  (2 5  e V ) 
m/e  (re l in te n s ity ) 277 (9 .5 ), 150 (5 .1 ), 110 (1 00).

Preparation of 6a-Bromo-4a-(3,5-dimethyl-4-isoxazolyl- 
methyl)-l(3-hydroxy-7a(3-methyl-3aa,6,7,7a-tetrahydro-5(4ff)- 
indanone (3 ) . A  so lu tio n  o f  22.5 m g  (0.081 m m o l) o f  k e to n e  2a 
an d  46.8 m g  (0.094 m m o l) o f  p y rro lid o n e  2 -h y d ro tr ib ro m id e  
(P H T )  in  4  m l o f  T H F  w as a llow ed  to  sta n d  at r o o m  te m p e ra tu re  
fo r  4  hr. T h e  so lu tio n  w as filte red  from  th e  p re c ip ita te  w h ich  h a d  
fo rm e d , an d  th e  filtra te  w as e v a p o ra te d  a t  r e d u ce d  p ressure  to  
g ive 47 m g  o f  crysta llin e  m a ter ia l. T h e  c ru d e  p ro d u c t  w as ch ro 
m a to g ra p h e d  on  a 10 X 20 X 0.2 c m  s ilica  gel p la te , d e v e lo p e d  
w ith  60:40 e th y l a ce ta te -ch lo ro fo rm  (i?r 0.35) t o  y ie ld  9.4 m g 
(0.026 m m o l, 32.6%) o f  co lo r less  crysta ls . R e cry s ta lliz a tio n  fro m  
a c e to n e -h e x a n e  gave crysta ls  su ita b le  fo r  X -r a y : m p  161-164°; 
n m r (C D C la) 6 2.42 (s , 3 H ), 2.23 (s , 3 H ), 1.18 (s , 3 H ) ; ir 
(C H C I3 ) 2 .77, 5 .77 , 6.10 p.

X-Ray Structure of 3. U n it  ce ll d im e n s io n s  w ere o b ta in e d  from  
lea st-sq u a res  re fin em en t o f  the  20 an g les  o f  31 re fle ctio n s  m e a 
su red  on  a  D a te x  a u to m a te d  G en era l E le c tr ic  d iffra c to m e te r . 
U n it ce ll p a ra m eters  are a =  b =  15.6134 ±  0 .0 002  A; c  =  27 .8258 
± 0 .0 0 0 4  A.

T h e  a b se n ce  o f  h k 0 re fle ctio n s  fo r  h  +  k  o d d , 0k l  r e fle c t io n s  fo r  
k  o d d , a n d  h h l re fle ction s  fo r  l o d d  in d ica te d  th a t  th e  sp a ce  g rou p  
is Piz/nbc. T h e  cry sta l d en sity  w as fo u n d  t o  b e  1.41 ±  0 .01  g 
c m - 3 . T h e  ca lcu la te d  d en sity  is 1.40 g c m - 3  fo r  16 m o le cu le s  o f  
m o le cu la r  w e ig h t 356.261 p er  u n it  ce ll.

In ten s ity  d a ta  w ere c o lle c te d  b y  th e  0 -20  s ca n  m e th o d  w ith  
n ick e l-f ilte re d  C u  Ka ra d ia tio n  (X =  1.5418 A). R e fle c t io n s  w ere 
c o lle c te d  t o  a m a x im u m  v a lu e  o f  2 0  =  1 1 0 ° w ith  a  s ca n  ra te  in  2 0  

o f  2° m in “ 1. T h re e  re fle ction s , th e  201, 224, a n d  220, m o n ito re d  at 
regu lar  in terva ls  d u r in g  th e  d a ta  co lle c t io n , d e ca y e d  in  in ten s ity  
b y  5 .3 ,7 .9 , an d  3 .4  sta n d a rd  d e v ia tio n s , resp e ctiv e ly .

T h e  in ten s ities  o f  2140 re fle ction s  w ere m ea su red . T h e  in te n s i
ties  o f  339 o f  th ese  w ere o b se rv e d  t o  b e  less th a n  on e  sta n d a rd  d e 
v ia t io n  a b o v e  b a ck g ro u n d  an d  w ere  ass ign ed  a  v a lu e  o f  zero  w ith  
zero  w e ig h t th ro u g h o u t th e  re fin em en t. T h e  d a ta  w ere  co rre c te d  
fo r  L o re n tz -p o la r iz a t io n  e ffe cts  a n d  fo r  c ry sta l d e ca y  b u t  n o t  fo r  
a b so rp t io n  (ji =  37 c m " 1). T h e  d a ta  w ere p la c e d  o n  an  a b so lu te  
sca le  b y  W ils o n ’s m e th o d . 16  A  H ow ells , P h illip s , an d  R og ers  
p lo t 1 7  c o n firm e d  th a t  th e  crysta l is ce n tro s y m m e tr ic .

A p p ro x im a te  co o rd in a te s  o f  th e  n o n h y d ro g e n  a to m s  w ere o b 
ta in e d  b y  th e  P a tte rso n -F o u r ie r  p ro ce ss . L ea st-sq u a res  re fin e 
m e n t  o f  co o rd in a te s  an d  a n iso tro p ic  te m p e ra tu re  fa cto rs  c o n 
verged  a t  an  R  in d ex  o f  11 .2% . T h e  w e ig h ted  R  in d e x  w as 4 .7% , 
an d  th e  g ood n ess  o f  f it  w as 4 .2 . T h e  average s ta n d a rd  d e v ia tio n  
in  a to m ic  p o s it io n  is 0 . 0 1  A, th e  average s ta n d a rd  d e v ia tio n  in 
b o n d  le n g th  is 0 .0 2  A, an d  th e  average  s ta n d a rd  d e v ia tio n  in  b o n d  
an g le  is 1 ° . 18

Acknowledgm ent. The author wishes to thank Profes
sor Gilbert Stork for encouragement and guidance. The 
financial support of the National Institutes of Health is 
gratefully acknowledged.

Registry No.—1, 50323-79-0 ; 2a, 50 323-80-3 ; 3, 50323-81-4 .

Supplementary Material Available. T a b le s  I -V ,  c o n ta in in g  
th e  ob se rv e d  an d  ca lcu la te d  s tru ctu re  fa cto rs , th e  h ea v ier  a tom  
p aram eters , th e  h yd rgen  a tom  co o rd in a te s , th e  b o n d  d ista n ces  
a n d  an gles , a n d  th e  lea st-sq u a re  p la n e  o f  th e  iso x a zo le  ring , r e 
sp e c tiv e ly , w ill a p p ea r  fo llo w in g  th ese  p a ges  in  th e  m icro film  e d i
t io n  o f  th is  v o lu m e  o f  th e  jo u rn a l. P h o to co p ie s  o f  th e  s u p p le m e n 
ta ry  m a ter ia l from  th is  p a p e r  on ly  o r  m icro fich e  (105 x  148 m m , 
24X re d u ct io n , n e g a tiv e s ) co n ta in in g  all o f  th e  su p p le m e n ta ry

ate, and he has offered some evidence that is consistent
with this suggestion, at least for simple cyclohexenes hy
drogenated over a platinum catalyst.
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l,4-Bis(p-toluenesuIfonyl)-2-hydroxymethyl-l,2,3,4-tetrahydroquinoxaline

George H. Fisherlb and Harry P. Schultz*

D e p a r tm e n t  o f  C h em istry , U n ivers ity  o f  M ia m i, C ora l G a b les , F lorid a  33124  

R e c e iv e d  A u g u s t  2, 1973

The alcohol originally reported by Acheson as l,4-bis(p-toluenesulfonyl)-2-hydroxymethyl-l,2,3,4-tetrahydro- 
quinoxaline (1) is l,5-bis(p-toluenesulfonyl)-2,3,4,5-tetrahydro-lf/-l,5-benzodiazepin-3-ol (4a). Alcohol 1 has 
been prepared by condensation of Af,AP-bis(p-toluenesulfonyl)-o-phenylenediamine with methyl 2,3-dibromo- 
propionate to give l,4-bis(p-toluenesulfonyl)-2-carbomethoxy-l,2,3,4-tetrahydroquinoxaline (14), which was re
duced with lithium aluminum hydride to give authentic 1. Detosylation of alcohol 1 with sulfuric acid gave 2- 
hydroxymethyl-l,2,3,4-tetrahydroquinoxaline (6), identical with that obtained by lithium aluminum hydride 
reduction of 2-carboethoxy-l,2,3,4-tetrahydroquinoxaline (15). Similarly, detosylation of diazepinol 4a with sul
furic acid gave 2,3,4,5-tetrahydro-l/f-l,5-benzodiazepin-3-ol (5a), which could be retosylated to give diazepinol 
4a.

Substituted tetrahydroquinoxalines are of interest as 
models for tetrahydrofolic acid.2’3 Therefore, the re
ported4 synthesis of l,4-bis(p-toluenesulfonyl)-2-hydroxy- 
methyl-l,2,3,4-tetrahydroquinoxaline (1) was extensively 
studied, for the 2-hydroxymethyl group of 1 would be an 
easy source of various functional groups on a reduced quin
oxaline ring via routine oxidation, reduction, and dis
placement reactions.

Condensation of the disodium salt o f !V,iV'-bis(p-toluene- 
sulfonyl)-o-phenylenediamine (2) with 2,3-dibromo-l- 
propanol (3) by the procedure o f Acheson4 gave ditosyl al
cohol 4a, mp 194-195°, reported4 mp 193° for supposed
l,4-bis(p-toluenesulfonyl)-2-hydroxym ethyl-l,2 ,3 ,4-tet- 
rahydroquinoxaline (1). Detosylation of alcohol 4a with 
sulfuric acid gave alcohol 5a, mp 139-140°, reported4 mp
140-141° for supposed 2-hydroxymethyl-l,2,3,4-tetrahy- 
droquinoxaline (6). Oxidation of alcohol 5a by a variety of 
agents was unsuccessful; however, oxidation of ditosyl al
cohol 4a with Jones reagent5-7 gave a carbonyl compound
(7), mp 179-180°, which readily formed an oxime, a hy- 
drazone, a tosylhydrazone, and a 2,4-dinitrophenylhydra- 
zone, and which was stable to Tollens and Benedict so
lutions. The nmr spectrum of 7 showed, in addition to the 
tosyl methyl and aromatic signals, only a sharp singlet at 
6 4.06 for four protons, thus indicating a very symmetrical

molecule, to which was assigned the structure l,5-bis(p- 
toluenesulfonyl)-2,3,4,5-tetrahydro-l/7-l,5-benzodiazepin- 
3-one (7). Mertes and Lin3 have also reported this ketone. 
They concluded that alcohol 1 rearranged to ketone 7 dur
ing oxidation with dicyclohexylcarbodiimide in dimethyl 
sulfoxide. We conclude, however, that the reported4 struc
ture of 1 is incorrect and, in fact, is l,5-bis(p-toluenesul- 
fonyl)-2,3,4,5-tetrahydro-l#-l,5-benzodiazepinT3-ol (4a), 
and Acheson’s detosylated alcohol is 2,3,4,5-tetrahydro- 
lH-l,5-benzodiazepin-3-ol (5a), not 2-hydroxymethyl- 
1,2,3,4-tetrahydroquinoxaline (6) as reported.4 The O- 
mesylate (4b) and O-tosylate (4c) derivatives o: 4a and 
the N./V'-diacetyl (5b) and TV, Ar'-dinitroso (5c) derivatives 
of 5a have also been prepared and have properties consis
tent with the benzodiazepine structure.

Sodium borohydride reduction of ketone 7 gave material 
identical (melting point, mixture melting point, ir) to di
azepinol 4a, thus ruling out formation of ketone 7 from al
cohol 1 by rearrangement during oxidation. Retosylation 
of diazepinol 5a with tosyl chloride in a variety o f media 
(pyridine, aqueous potassium bicarbonate, or acetic acid- 
sodium acetate-tetrahydrofuran8) generally resulted in 
noncrystallizable oils. However, the oil from tosy.ation of 
5a in the acidic medium crystallized from ethanol after 
standing at 0° for several weeks to give a 6% yield of solid
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identical (melting point, mixture melting point, ir) to di- 
azepinol 4a, thus demonstrating that no rearrangement of 
diazepinol 4a occurred during detosylation.

Diazepinol 4a could also be formed by condensation of 
the disodium salt of 2 with epibromohydrin (8). Thus, for
mation of diazepinol 4a from both 2,3-dibromo-l-propa- 
nol and epibromohydrin suggested the presence of a com 
mon intermediate such as epoxide 9 (Scheme I).9 Ring 
opening of epoxide 9, as shown, occurs at the preferred 
terminal methylene position to form the seven-membered 
diazepine ring system. Support for this conclusion was de
rived from a report by Saari, Raab, and King10 that con
densation of the disodium salt of (V, iV'-ethylenebislp-toi- 
uenesulfonamide) (10) with 2,3-dibromo-l-propanol gave 
m ainly l,4 -b is (p -toluenesu lfonyl)-lff-l,4 -d iazep in -6 -ol
(12), presumably via the corresponding 1-N-substituted
2,3-epoxypropane (11) (Scheme II).

Additional evidence that alcohol 4a was a secondary al

cohol, and not the primary alcohol 1, was shown by the 
appearance of the hydroxyl proton as a doublet (J  = 4.5 
Hz) at S 5.41 when its nmr spectrum was recorded in 
DM SO-ds.11-12 Similarly, the nmr spectra in DMSO-d6 of 
the detosylated alcohol 5a, and its N ,N '-diacetyl (5b) and 
iV.iV'-dinitroso (5c) derivatives showed doublets at 5 4.55 
(J  =  6 Hz), 5.43 (J  =  5 Hz), and 5.54 (J  = 3 Hz), respec
tively, for the hydroxyl protons. That these doublets were 
the result of the hydroxyl proton coupling with one neigh
boring proton was confirmed by their disappearance upon 
addition of D2O to the nmr samples.

Authentic l,4-bis(p-toluenesulfonyl)-2-hydroxymethyl-
1,2,3,4-tetrahydroquinoxaline (1) was obtained by the se
quence shown in Scheme III. Condensation of N ,N '-b is (p - 
toluenesulfonyl)-o-phenylenediamine (2) with methyl 2,3- 
dibromopropionatel3 (13) in methanolic potash by the 
procedure of Negishi and Day14 gave l,4-bis(p-toluenesul- 
fonyl)-2-carbomethoxy-l,2,3,4-tetrahydroquinoxaline (14), 
which was reduced with lithium aluminum hydride to 
give alcohol 1, mp 134-135°. The physical and spectral 
properties of authentic 1 were completely different from 
those previously reported by Acheson4 for his supposed 1. 
Confirmation of the primary alcohol character of 1 was 
obtained by recording its nmr spectrum in DMSO-dg, 
with the hydroxyl proton appearing as a triplet (J  =  5.5 
Hz) at 6 5.19, which disappeared upon addition of D 2O to 
the sample. Treatment of alcohol 1 with mesyl chloride in 
pyridine gave the O-mesylate derivative 16, whose nmr

Scheme III

17a, R = H
b, R = Ms
c, R = Ts

15 6
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spectrum was consistent with the tetrahydroquinoxaline 
structure.

Detosylation o f alcohol 1 with sulfuric acid gave a vis
cous, high-boiling, noncrystallizable, red oil, identical (ir) 
with 2-hydroxymethyl-l,2,3,4-tetrahydroquinoxaline (6), 
obtained by lithium aluminum hydride reduction of 2-car- 
boethoxy-l,2,3,4-tetrahydroquinoxaline15 (15). Alcohol 6 
was analyzed as its IV-tosyl derivative 17a, to which has 
been assigned the structure l-p-toluenesulfonyl-2-hy- 
droxymethyl-l,2,3,4-tetrahydroquinoxaline.16 The nmr 
spectrum of 17a in DM SO-d6 showed a triplet (J = 5.5 
Hz) at <5 4.84 characteristic of a primary hydroxyl proton. 
The O-mesylate (17b) and O-tosylate (17c) derivatives 
also have properties that are consistent with the assigned
2- hydroxy methylteti ahy dtoqumoxaline structure.

Experimental Section17

Af,A'-Bis(p-toluenesulfonyl)-o-phenylenediamine (2 ). This 
was prepared in 93% yield from o-phenylenediamine and TsCl in 
C5H5N by the method of Acheson4 and was recrystallized from 
EtOH (4 ml/g) to constant mp 205-207° (lit.4 mp 204°, lit.18 mp 
201- 202° ) .

1.5- Bis(p-toluenesuIfonyl)-2,3,4,5-tetrahydro-lii-l,5-benzo- 
diazepin-3-ol (4a). Condensation of the disodium salt of 2 with
2,3-dibromo-l-propanol (3) by the method of Acheson4 gave 4a in 
41.2% yield, mp 194-195° (lit.4 mp 193° for supposed alcohol 1), 
recrystallized from EtOH (7 ml/g). Alcohol 4a was also obtained 
in 23% yield by the same procedure using epibromohydrin (8) in 
place of 2,3-dibromopropanol: ir (KBr) 3510 (OH), 1330, 1150 
cm-1 (CSO2 ); uv max 200 nm (end absorption), 230 (e 26,800); 
nmr (CDCls) S 2.40 (s, 6, TsCH3), 3.05 (br s, 1, OH), 3.59 (m, 4, 
NCH2 ), 3,80 (m, 1, CHO), 7.34 (m, 8, Ts aromatic), 7.83 (m, 4, 
benzo aromatic); nmr (DMSO-de) & 5.41 (d, J  = 4.5 Hz, 1, OH).

1.5- Bis(p-toluenesulfonyI)-2,3,4,5-tetrahydro-l /7-1,5-benzo- 
diazepin-3-ol Methanesulfonate (4b). To a cold (-5°) solution of 
0.2 ml (0.3 g, 2.6 mmol) of MsCl in 2.0 ml of dry C5H5N was 
added dropwise over 9.25 hr a solution of 0.23 g (0.49 mmol) of al
cohol 4a in 2.0 ml of dry C5H5N. The solution was stirred at 0° 
for 3 hr, diluted with 25 ml of ice and H20, cooled, and filtered to 
give 0.20 g (74.2%) of white solid, mp 199-201°, which was recrys
tallized from CHCl3-ligroin (15 ml/g, 2 :1 ) to constant mp 203- 
204°: ir (KBr) 1350, 1165 cm" 1 (CS02); uv iq^x 200 nm (end ab
sorption), 230 (e 25,800); nmr (CDCI3) 6 2.41 (s, 6, TsCH3), 2.98 
(s, 3, MsCH3), 3.1-3.5, 3.9-4.3 (m, 4, NCH2), 4.5-5.0 (m, 1 , 
CHO), 7.35 (m, 8, Ts aromatic), 7.85 (m, 4, benzo aromatic).

A n a l. Calcd for C24H26N20 7S3: C, 52.34; H, 4.76; N, 5.09. 
Found: C, 52.02; H, 4.75; N, 4.98.

1.5- Bis(p-toluenesulfonyl)-2,3,4,5-tetrahydro-lif-l,5-benzo- 
diazepin-3-ol p-Toluenesulfonate (4c). A solution of 0.95 g (2.0 
mmol) of alcohol 4a and 0.76 g (4.0 mmol) of TsCl in 2.5 ml of dry 
C5H5N was refluxed for 1 hr. The solution was cooled, poured 
onto 5 ml of ice and H20, and filtered to give 1.22 g (97.6%) of 
white solid, mp 187-189°, which was recrystallized from CHC13-  
ligroin (5 ml/g, 2:1) to constant mp 192-193° (lit.3 mp 186-188°): 
ir (KBr) 1357, 1167 cm" 1 (CS02); uv max 200 nm (end absorp
tion), 228 (i 40,900); nmr (CDC13) 5 2.41 (s, 6, NTsCH3), 2.50 (s,
3, OTsCH3), 2.6-3.1, 3.9-4.3 (m, 4, NCH2), 4.3-4.7 (m, 1 , CHO), 
7.2-8.0 (m, 16, aromatic).

A n a l. Calcd for C3oH3oN2OrS3: C, 57.49; H, 4.82; N, 4.47. 
Found: C, 57.62; H, 4.82; N, 4.51.

2.3.4.5- Tetrahydro-lH-l,5-benzodiazepin-3-ol (5a). Alcohol 
4a was detosylated by standing in concentrated H2S04 (10 ml/g) 
for 48 hr at room temperature and was worked up according to 
the method of Acheson4 to give 5a in 81% yield, which was recrys
tallized from EtOH (7 ml/g) to constant mp 139-140° (lit.4 mp 
140-141° for supposed alcohol 6): ir (KBr) 3380, 3290 (NH), 
3100-3490 cm- 1  (Iot, OH); uv max 218 nm (e 25,200), 248 sh ? 
(4140), 296 (2300); nmr (CDC13) 5 2.90 (2 d, Jvic = 2 Hz, Jgem = 
-12 Hz, 2 NCH2 ax), 3.30 (2 d, Jvlc = 5 Hz, Jgem = -12 Hz, 2, 
NCH2 eq), 3.57 (s, 3, NH’s and OH), 3.83 (m, 1 , CHO), 6.77 (s, 4, 
aromatic): nmr (DMSO-de) i 4.55 (d, J  = 6 Hz, 1 , OH), 4.85 
(brs, 2, NH’s).

Retosylation of Alcohol 5a. A cold (5°) solution of 0.16 g (1.0 
mmol) of alcohol 5a, 1.5 ml of H20, 0.2 ml of glacial HOAc, 0.4 
ml of THF, and 0.21 g (1.1 mmol) of TsCl was stirred for 15 hr 
while warming up to room temperature. The solution was diluted 
with 15 ml of H20  and extracted with CHC13. The extracts were

dried (MgS04), treated with Norit and Celite, and evaporated 
under vacuum (30°) to give 0.16 g (34.1%) of tan oil. The oil was 
dissolved in 3 ml of hot EtOH, treated with Norit and Celite, and 
kept at 0° for about 1 month, after which it partially crystallized. 
Filtration of the solution gave 0.003 g (6.4%) of tan solid, mp 
187-190°, mmp with 4a 188-191°, mmp with 4c 165-168° (4a and 
4c mmp 170-174°).

1.5- Diacetyl-2,3,4,5-tetrahydro-lff-l,5-benzodiazepin-3-ol 
(5b). A solution of 0.82 g (5.0 mmol) of alcohol 5a in 5.0 ml of 
Ac20  was allowed to stand at room temperature for 1.5 hr. The 
precipitated solid was filtered and washed with H20  to give 1.16 g 
(93.5%) of white solid, mp 219-221°, which was recrystallized 
from EtOH (10 ml/g) to constant mp 222-223°: ir (KBr) 3420 
(OH), 1650 cm-1 (C = 0); uv max 200 nm (end absorption), 217 (e 
16,200), 262 (1680); nmr (DMSO-de) S 1.79 (s, 6, COCH3), 2.23, 
4.66 (m, 4, NCH2), 3.65 (m, 1, CHO), 5.43 (d, J  = 5 Hz, 1, OH), 
7.57 (s, 4, aromatic).

A n a l. Calcd for Ci3Hi6N20 3: C, 62.89; H, 6.50; N, 11.28. 
Found: C, 62.63; H, 6.33; N, 11.24.

1.5- Dmitroso-2,3,4,5-tetrahydro-lif-l,5-benzodiazepm-3-ol 
(5c). To a solution of 0.82 g (5.0 mmol) of alcohol 5a, 5 ml of 
H20, and 1 ml of 12 N  HC1, cooled to 5° in an ice bath, was 
added dropwise with stirring over 0.5 hr a cold (10°) solution of 
0.76 g (11.0 mmol) of NaN02 in 5 ml of H20. The solution was 
stirred until precipitation bad occurred (0.5-2 hr) to give 1.03 g 
(92.8%) of tan solid, mp 122-124°, which was recrystallized from 
C6Hs (30 ml/g) to constant mp 126-127°: ir (KBr) 3340 (OH), 
1450 cm -1 (NNO); uv max 217 (e 7430), 271 (15,100), 380 (667); 
nmr (DMSO-de) 5 4.02 (br, s, 4, NCH2), 4.3-4.7 (m, 1, CHO), 
5.54 (d, J  = 3 Hz, 1, OH), 7.2-8.0 (m, 4, aromatic).

A n a l. Calcd for C9Hi0N4O3: C, 48.65; H, 4.54; N, 25.21. Found: 
C, 48.42; H, 4.35; N, 25.25.

1.5- Bis(p-toluenesulfonyl)-2,3,4,5-tetrahydro-lf/-l,5-benzo- 
diazepin-3-one (7). A mixture of 4.73 g (10.0 mmol) of alcohol 4a, 
50 ml of acetone, and 6.0 ml of Jones reagent5-7 (2.67 g of Cr03 
dissolved in 2.3 ml of concentrated H2S04 diluted to 10 ml with 
H20) was refluxed with stirring for 6 hr. After cooling, the solu
tion was decanted from the inorganic salts, concentrated under 
vacuum (30°) to 10 ml, diluted with 20 ml of H20, cooled, and fil
tered to give 4.20 g (89.4%) of white solid, mp 170-175°. The prod
uct was recrystallized from CHCla-EtOH (12 ml/g, 1:1) to yield
3.24 g (68.9%) of white solid: mp 179-180° (lit.3 mp 176- 
178°); ir (KBr) 1755 (C =0), 1350, 1155 cm-1 (CS02); uv max 
200 nm (end absorption), 229 (e 32,200); nmr (CDC13) 5 2.40 (s, 6, 
TsCH3), 4.06 (s, 4, NCH2), 7.1-7.7 (m, 12, aromatic).

A n a l. Calcd for C23H22N20 5S2: C, 58.71; H, 4.71; N, 5.95. 
Found: C, 58.87; H, 4.76; N, 6.00.

Derivatives of Ketone 7. Oxime: white solid, mp 198-198.5°, 
recrystallized from Et0H-H20  (30 ml/g, 5:1). A n a l. Calcd for 
C23H23N30 5S2: C, 56.89; H, 4.77; N, 8.56. Found: C. 56.88; H, 
4.81; N, 8.60.

Hydrazone: white solid, mp 184-185°, recrystallized from 
EtOH-CHCl3 (20 ml/g, 2:1). A n a l. Calcd for C23H24N40 4S2: C, 
57.01; H, 4.99; N, 11.56. Found: C, 57.07; H, 4.99; N, 11.57.

Tosylhydrazone: white solid, mp 187-188°, recrystallized from 
EtOH (50 ml/g). A n a l. Calcd for C30H30N4O6S3: C, 56.41; H, 
4.73; N, 8.77. Found: C, 56.16; H, 4.65; N, 8.71.

2.4- Dinitrophenylhydrazone: yellow solid, mp 200-201°, recrys
tallized from CHCl3-EtOH (100 ml/g, 1:4). A n a l. Calcd for 
C29H26N6OsS2: C, 53.53; H, 4.03; N, 12.92. Found: C, 53.28; H, 
3.94; N, 12.74.

NaBH4 Reduction of Ketone 7. A mixture of 0.47 g (1.0 mmol) 
of ketone 7 and 0.19 g (5.0 mmol) of NaBH4 in 10 ml of THF was 
refluxed with stirring for 3.5 hr. After cooling, 1.25 ml of H20  and 
5 drops of 6 N  NaOH were added, and the solution was stirred 
for 0.5 hr. The layers were separated; the organic layer was dried 
(MgS04), treated with Norit and Celite, and evaporated under 
vacuum (30°) to give a viscous, yellow oil, which crystallized upon 
addition of 5 ml of EtOH to yield 0.43 g (91.2%) of white solid, 
mp 193-194°, identical with diazepinol 4a, mmp 193-194°.

1.4- Bis(p-toluenesulfonyl)-2-carbomethoxy-l,2,3,4-tetrahy- 
droquinoxaline (14). To 4.49 g (0.08 mol) of KOH dissolved in 50 
ml of MeOH was added 16.6 g (0.04 mol) of A/A'-bisfp-toluene- 
sulfonyl)-o-phenylenediamine (2), which immediately dissolved 
and then precipitated out as its potassium salt. Methyl 2,3-dibro- 
mopropionate (9.84 g, 0.04 mol, 5.3 ml) was added dropwise over 
0.25 hr, and the resulting mixture was refluxed with stirring for 
22 hr. After cooling, the solution was filtered, and the collected 
solid was triturated with 100 ml of H20  and refiltered to give 15.1 
g (75.5%) of white solid, mp 138-142°. The solid was recrystallized
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from  M e O H  (25 m l/g )  to give 3.33 g of unreacted d ia m in e  2 and
10 .7  g (5 3 .5 % )  of w hite so lid , m p  14 0 -14 8 °. Tw o  re crysta lliza tio n s 
from  acetone (2 m l/g )  gave 7.84 g (3 9 .2 % ) of w hite so lid  of con
stant m p 1 4 4 -14 5 °: ir  (K B r )  1735 ( C = 0 ) ,  1350, 116 5  c m ' 1  

( C S 0 2); u v  m a x  2 16  ran (e  28,000), 224 sh (27,800); n m r (C D C ls )
5 2.37 (s, 6 , T s C H 3), 3.68 (s, 3, O C H 3), 3.75 ( 2  d, J vic =  6  H z , 
J«em  — ~ 1 3  H z , 1 ,  N C H 2  ax), 4 .17  (2 d, J vic =  6  H z , J gem  =  - 1 3  
H z , 1 ,  N C H 2  eq), 5 .2 1 (t, J  =  6  H z , 1 , N C H ) ,  6 .9 5-7 .8 5 (m , 12, 
aro m a tic).

A n a l. C a lc d  for C 2 4 H 2 4 N 2 O 6S 2 : C ,  57.58; H , 4.83; N , 5.60. 
F o u n d : C , 57.34 ; H , 4.67; N , 5.47.

1.4- Bis(p-toluenesulfonyl)-2-hydroxymethyl-l,2,3,4-tetrahy- 
droquinoxaline (1). A  solution  of 1.0  g (2.0 m m ol) of ester 14 in  9 
m l of d ry  T H F  was added dropwise over 1  h r  to a stirred  suspension 
of 0.50 g (13 .0  m m ol) of L iA l H 4 in  15  m l of d ry  T H F .  T h e  m ixture  
was stirred  at room tem perature for 1  h r and cooled in  a n  ice 
b ath ; th e  e x c e s s  o f  L iA lH «  was destroyed b y  successive, dropwise 
a d d it io n  of 0.5 m l of H 2 0 ,  0.4 m l of 2 0 %  N a O H , and 2 .5  m l of 
H 2 0 ,  followed b y 20 m l of C H C I 3  to extract the organic pro duct. 
A fte r reflu x in g  w ith s t ir r in g  fo r  1  h r  m ore , the so lution  was f i l 
tered. T h e  filtra te  was d rie d  (M g S 0 4 ), treated w ith  N o rit  and 
C e lite , and evaporated un d er va cu u m  (30°) to give 0.90 g (9 5 .3 % ) 
of ye llo w  o il. T h e  o il was dissolved in  C H C I 3  (4 m l) and passed 
through a 1 -ft F lo r is il  co lum n eluted w ith  C H C I 3  (75 m l). E v a p o 
ratio n  of the e luent gave 0.88 g (9 3 .2 % ) of v iscous, yellow  oil, 
w hich  crysta llize d  upon seeding and sta nd in g  o vernight at room 
tem perature to give 0.46 g (4 8 .8 % ) of w hite so lid , m p  1 3 1 -1 3 6 ° .  
R e cry sta lliz a tio n  from  E t O H  (5 m l/g )  gave a w hite so lid  of con
sta n t m p  1 3 4 -1 3 5 °:  ir  ( K B r )  3480 (O H ), 1346, 1 1 5 7  c m - 1  ( C S 0 2); 
u v  m ax  2 14  n m  (e  36,200), 260 sh  (13 ,10 0 ); n m r ( D M S O -d 6) S 2.37 
(s, 6 , T s C H 3), 3.30 (m , 2 , N C H 2), 4.08 (m , 2 , C H 2 0 ) ,  4.50 (m , 1 , 
N C H ) ,  5 .19  (t, J  =  5 .5  H z , 1 ,  O H ), 6 .9 -7 .8  (m , 12 , a ro m atic).

A n a l. C a lc d  for C23H24N2O5S2: C , 58.46; H ,  5 .12 ; N , 5.93. 
F o u n d : C ,  58.24; H , 5.07; N , 5 .9 1.

1. 4 -  Bis(p-toluenesulfonyl)-2-hydroxymethyl-l,2,3,4-tetrahy 
droquinoxaline Methanesulfonate (16). T o  0.50 g (1.06 m m ol) of 
alcohol 1 in  5.0 m l of dry C5H5N cooled at 5 °  was added 0.5 m l 
(0.75 g, 6.5 m m ol) of M s C l.  T h e  solution  was stirred  for 3  hr, 
poured onto 20 m l of ice and H 2 0 ,  and filtered  to give 0.55 g 
(9 4 .2 % ) of w hite so lid , m p 1 2 3 -1 2 5 ° .  R e c ry sta lliz a tio n  from  E t O H  
(20 m l/g )  gave so lid  of constant m p  13 8 .5 -13 9 .5 °. R e c ry sta lliz a 
tio n  from  C H C l 3-lig r o in  ( 6  m l/g , 1 : 1 )  gave a m ix tu re  of th is  h ig h - 
m eltin g  so lid  and a lower m eltin g  w hite powder, m p 1 2 8 -1 2 9 °. 
T h e  ir  and n m r spectra of these so lid s were id e n tic a l, and both 
gave satisfacto ry e lem ental analyses, thus in d ic a tin g  different 
cry s ta l structures of the sam e com pound. R e c ry sta lliz a tio n  of the 
low er m e ltin g  so lid  from  E t O H  raised  its  m eltin g  po int to th a t of 
the h ig her m eltin g  so lid : ir  ( K B r )  1350, 116 3  c m - 1  ( C S O 2 ); u v  
m ax, 200 nm  (end absorption), 2 16  (e 36,200), 232 sh  (33,500); 
n m r ( C D C 1 3) & 2.39 (s, 6 , T s C H s), 3.03 (s, 3, M s C H 3), 3.67 (t, J  =
6  H z , 2 , N C H 2), 4 .23 (m , 2, C H 2 0 ) ,  4.77 (m , 1 ,  N C H ) ,  6 .9 -7 .9  (m , 
1 2 , a ro m atic).

A n a l. C a lc d  for C ^ H z s N z O z S a : C , 52.35; H , 4.76; N , 5.09. 
Fo u n d  (m p 1 2 8 -1 2 9 °) :  C ,  52.49; H , 4.68; N , 5.05. Fo u n d  (m p
13 8 .5 -13 9 .5 °) : C ,  52.36; H , 4.76; N ,-5.06.

2-Hydroxymethyl-l,2,3,4-tetrahydroquinoxaline (6). A. By 
Detosylation of 1 . A  m ix tu re  of 0.47 g (1.0  m m ol) of alcohol 1  

and 5 m l of concentrated H 2 S 0 4 was allow ed to stand at room 
tem perature fo r 24 h r. T h e  solution  was d ilu te d  w ith 30 m l of ic e -  
w ater, b asified  to p H  10  w ith  30 m l of concentrated N H 4 O H , and 
extracted w ith  C H C I3 . T h e  extracts were d ried  (M g S O H , treated 
w ith N o rit  and C e lite , a n d  evaporated un d er va cu u m  (30°) to 
give 0.08 g (4 8 .7 % ) of v iscous, yellow  o il, id e n tic a l b y ir  w ith  6  

prepared b y m ethod B .
B. By Reduction of Ester 15. A  solution of 3.09 g (15 .0  m m ol) 

of 2 -ca rb o e th o x y-l,2 ,3 ,4 -te tra h y d ro q u in o x a lin e 1 5  (15) in  50 m l of 
d ry  E t 20  was added dropwise over 1  h r to a  stirred  suspension of
2.28  g  (60.0 m m ol) of L iA lH *  in  30 m l of d ry  E t 2 0 .  T h e  m ixture  
was refluxed for 1  h r  and cooled in  an ice b a th ; the excess L iA lH *  
was destroyed by successive, dropwise a d d it io n  of 2.3  m l of H 2 0 ,
1 .7  m l of 2 0 %  N a O H , and 8.0 m l of H 2 0 , followed b y  50 m l of 
C H C I 3  to extract the organic pro duct. A fter reflu x in g  for 1  h r 
w ith  stirrin g , the so lution  was filtered . T h e  filtra te  was dried  
(M g S O * ), treated w ith  N o rit  and C e lite , and evaporated under 
va cu u m  (30°) to give 2.34 g (9 5 .2 % ) of v iscous, yellow  o il, id en tica l 
b y  ir  w ith  6  prepared b y  m ethod A . V a c u u m  d is t illa t io n  of the o il 
gave 1.85 g (7 5 .3 % )  of viscous, red o il: bp 1 7 5 -1 8 0 ° (1  m m ) (a ll a t 
tem pts to crysta llize  the o il fa ile d ); ir  (neat) 3430 c m - 1  (O H ); uv 
m a x  218  n m  (e 34,500), 256 (5200), 3 1 1  (4340); n m r ( C D C 1 3) 5 3 .15  
(m , 2, N C H 2), 3.34 (m , 1 ,  N C H ) ,  3.50 (br s, 2 , C H 2 0 ) , 3.52 (s, 3, 
N H ’s and O H ), 6.56 (m , 4, aro m atic).

1 -  p  -Toluenesulfonyl-2-hydroxymethyl - 1,2,3,4-tetrahy droqui
noxaline (17a). A  m ix tu re  of 1.3 4  g (8.2 m m ol) of a lcohol 6, 1.0  g 
(10 .0  m m ol) of K H C 0 3, 2.0 g (10 .4  m m ol) of T s C l ,  5 m l of T H F ,  
and 5 m l of H 20  was stirred  at room tem perature for 3  h r. T h e  
T H F  was evaporated under va cu u m  (30°) and the H 2 0  was de
canted off, le a v in g  an o ily  residue w h ich  was tr itu ra te d  w ith  two 
2 0 -m l portions of hot lig ro in  (bp 6 3 -7 5 °)  to rem ove unreacted 
T s C l .  T h e  residue re m a in in g  crysta llize d  to give 2 .1 2  g (8 1 .6 % )  of 
ta n  so lid , m p 1 3 5 -1 4 4 ° .  Tw o re crysta lliza tio n s from  E t O H  (5 
m l/g ) gave 1.4 3 g (5 5 .0 % ) of w hite so lid : m p 14 7 .5 -14 8 .5 °; ir  
( K B r )  3 5 10  (O H ), 3330 ( N H ), 1335, 115 6  c m ' 1  ( C S 0 2); u v  m ax 
2 15  n m  (e 30,800), 243 (18,300), 307 (4920); n m r ( C D C ls )  S 2.35  (s, 
3, T s C H 3), 3.26 (m , 2 , N C H 2), 3.47 (m , 2 , C H 2 0 ), 4 .1 1  (m , 1 , 
N C H ) ,  2 .9 -3 .6  (b r m , 2, N H  and O H ), 6 .4 -7 .7  (m , 8 , a ro m a tic); 
n m r (D M S O -d 6) & 4.84 (t, J  =  5.5 H z , 1 , O H ) , 5.88 (br s, 1 ,  N H ) .

A n a l.  C a lc d  for C 1 6 H 1 8 N 2 0 3 S : C , 60.36; H , 5.70; N , 8.80. 
F o u n d : C , 60.16; H , 5.64; N , 8.69.

l-p-Toluenesulfonyl-2-hydroxymethyl-l,2,3,4-tetrahydroqui- 
noxaline Methanesulfonate (17b). T o  a stirred , cold ( —5 °) so lu 
tio n  of 2.0  m l (3 g, 26 m m ol) of M s C l in  5  m l of d ry  C 5 H 5 N  was 
added dropw ise over 0.5 h r a solution of 3 .18  g (10 .0  m m ol) of a l
cohol 17a in  10 .0  m l of d ry  C 5 H 5 N . T h e  solution  was stirred  at 0° 
for 3  hr, poured onto 100 m l of ice a n d  H 2 0 , cooled, an d  filtered  
to give 3.92 g (9 9 % ) of off-w hite so lid , m p 1 4 8 -1 5 1 ° .  R e c ry s ta lliz a 
tion from C H C l 3-lig r o in  (20 m l/g , 2 :1 )  gave a w hite so lid  of con
sta n t m p 1 5 4 -1 5 5 ° :  ir  ( K B r )  3390 (N H ), 1345, 1 17 0  c m - 1  ( C S 0 2); 
u v  m ax  200 n m  (end absorption), 2 14  (e 34,700), 237 (16,800), 308 
(3660); n m r ( C D C I 3 ) S 2.36 (s, 3, T s C H 3), 3.50  (s, 3, M s C H 3), 3.92 
(m , 2, N C H 2), 4.02 (m , 3, C H 20  and N C H ) ,  4 .14  (b r s, 1 , N H ),
6 .4 -7 .7  (m , 8 , a ro m atic).

A n a l. C a lc d  for C i 7 H 2 oN 2 0 5 S 2: C ,  5 1.5 0 ; H , 5.08; N , 7.07. 
F o u n d : C ,  5 1.6 9 ; H , 5 .25; N , 7.07.

l-p-Toluenesulfonyl-2-hydroxymethyl-l,2,3,4-tetrahydroqui- 
noxaline p-Toluenesulfonate (17c). T o  0 .32 g (1 .0  m m o l) of a lco 
hol 17a in  4.0 m l of d ry  O5 H 5 N  cooled to 5 ° was added 0.38 g (2.0 
m m ol) of T s C l .  T h e  solution was kept at 0 °  for 5 d a ys, then d ilu t 
ed w ith  20 m l of ice -w a te r, a c id ifie d  w ith  6  N  H C 1 , and extracted 
w ith  C H C I 3 . T h e  extracts were d ried  (M g S O * ), treated w ith 
N o rit  and C e lite , concentrated to 5 m l, a n d  d ilu te d  w ith  5 m l of 
lig ro in  to give 0.32 g (6 6 .7 % ) of lig h t ye llo w  so lid , m p  1 2 7 -1 3 0 ° .  
R e c ry sta lliz a tio n  from  C H C l 3-lig r o in  (10  m l/g , 1 : 1 )  gave a w hite 
so lid  of constant m p  1 3 1 - 1 3 2 ° .  T h e  product was u n stab le , tu rn in g  
p u rp le -g ra y  upon prolonged stand ing, and m a n y  tim e s it  was 
never form ed b y  the above procedure: ir  ( K B r )  3390 ( N H ) , 1350, 
116 2  c m - 1  ( C S O s i;  u v  m ax 2 0 0  n m  (end absorption), 2 16  (c, 
37,000), 244 sh (14,200), 309 (2 130 ); n m r ( C D C 1 3) S 2.34 (s, 3, 
N T s C H s ) ,  2 .4 2 '(s, 3, O T s C H 3), 3.20  (m , 2, N C H 2), 3.98 (m , 3, 
C H 20  and N C H ) ,  4.79 (br s, 1 , N H ) , 6 .35-7 .8 5  (m , 12 , aro m a tic).

A n a l.  C a lc d  for C 23H 24 N 20 5S 2: C ,  58.46; H , 5 .1 2 ; N , 5.93, 
F o u n d : C , 57.85; H , 5.07; N , 5.63.

Registry No. 1, 49633-27-4; 2, 49633-28-5; 3, 9 6 -13 -9 ; 4a, 
49633-29-6; 4b, 49633-30-9; 4c, 4 9 6 33-31-0 ; 5a, 4 9 6 3 3 -3 2 -1; 5b, 
496 33-33-2; 5c, 49633-34-3; 6, 49633-35-4; 7, 117 9 -18 -6 ; 7 oxim e, 
49633-37-6; 7 hydrazone, 49633-38-7; 7 tosylhydrazone, 49633-39-8; 
7 2,4 -d in itro p he n ylh yd razo n e , 118 3 -8 5 -3 ; 8 , 3 13 2 -6 4 -7 ; 14, 49633-
4 1 -2 ; 15, 49633-42-3; 16, 49633-43-4; 17a, 49633-44-5; 17b, 49633- 
45-6; 17c, 49689-60-3.
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Tosylation of several 2-substituted 1,2,3,4-tetrahydroquinoxalines (methyl, hydroxymethyl, carboxamide, 
carboxylic acid, or carboethoxy) gave exclusively iV-monotosyl derivatives whose nmr spectra justified assign
ment of the tosyl group to the 1-N position. Support for this assignment was obtained by comparing the nmr 
spectra of unsubstituted and N-tosylated tetrahydroquinolines and tetrahydroquinaldines as model compounds. 
The tosyl derivatives were then utilized to establish the C-2 chiralities of the various 2-substituted 1,2,3,4-tet- 
rahydroquinoxalines according to the sequence (i?S)-l,2,3,4-tetrahydroquinoxaline-2-carboxamide, (70-1,2,3,4- 
tetrahydroquinoxaline-2-carboxamide, (7f)-l-p-toluenesulfonyl-l,2,3,4-tetrahydroquinoxaline-2-carboxamide, 
(7?)-l-p-toluenesulfonyl-l,2,3,4-tetrahydroquinoxaline-2-carboxylic acid, (7?)-l-p-toluenesulfonyl-l,2,3,4-tetrahy- 
dro-2-hydroxymethylquinoxaline, and (S)-l-p-toluenesulfonyl-2-methyl-l,2,3,4-tetrahydroquinoxaline—the latter 
identical with the configurational standard prepared unequivocally from L-a-alanine.

Substituted tetrahydroquinoxalines are of interest as 
models for tetrahydrofolic acid.2’3 It is the purpose of this 
paper to report that tosylation of the tetrahydroquinoxa
lines la -e  gave exclusively the l-(V-monotosyl derivatives 
2a-e, to present evidence in support of said structures, 
and to outline the utility o f the above tosyl derivatives for 
establishing the chiralities o f their various asymmetric 
centers, as well as o f the asymmetric centers of the parent 
tetrahydroquinoxalines. Scheme I depicts the structures of 
the compounds prepared and utilized for this study.

Tosylation was carried out with tosyl chloride in the 
usual basic media of pyridine or aqueous sodium bicar
bonate, or in the more unusual acidic medium of aqueous 
acetic acid-sodium acetate-tetrahydrofuran. In general, 
the acidic medium gave higher yields of purer product 
than the basic media, and reaction in acid favored N-to- 
sylation vs. O-tosylation in case of le . The single excep
tion was tetrahydroquinoxaline-2-carboxylic acid (Ic ) . In 
pyridine lc  gave a mixture of the /V-tosyl acid 2c and the 
IV-tosyl lactam 3, identified by ir, nmr, and elemental 
analysis. Hydrolysis o f lactam 3 in aqueous sodium hy
droxide gave the iV-tosyl acid 2c. Tosylation of the acid lc  
in aqueous sodium bicarbonate gave small yields of the 
/V-tosyl acid 2c, while tosylation in acidic medium gave 2c 
in good yield.

H-nmr evidence indicated that tosylation occurred at 
the 1-N position, contrary to N-acylation of 2-substituted 
tetrahydroquinoxalines, e.g., monobenzoylation of 2- 
methyl- and 2-tert-butyl-l,2,3,4-tetrahydroquinoxaline 
which has been reported4 to occur at the 4-N position.

The chemical shifts of the protons on the C-2 and C-3 
atoms adjacent to the nitrogen atoms in tetrahydroquin
oxalines are dependent on the diamagnetic anisotropy of 
nearby bonds or rings and the inductive effects of neigh
boring groups or atoms.8 Since the tosyl group is electron 
withdrawing, its substitution on the 1-nitrogen predicates 
a greater downfield chemical shift difference for the C-2 
methine proton than for the C-3 methylene protons when 
comparing the nmr spectra of the unsubstituted and the

iV-monotosyl tetrahydroquinoxalines. Table I demon
strates that all o f the compounds studied showed such a 
chemical shift difference, thus warranting assignment of 
the tosyl group to the 1-N position in compounds 2a-e.

In support of this assignment, the nmr spectra of the 
model compounds tetrahydroquinoline (4a), tetrahydro- 
quinaldine (4b), and their N-tosyl derivatives 5a6 and 5b 
showed (Table II) that a greater chemical shift difference 
was observed for the C-2 ring protons adjacent to the tosyl- 
ated nitrogen than for the C-3 protons two carbon atoms 
removed from the substituted nitrogen. Similar shift ef
fects have been observed7'8 for iV-acetyl-, iV-benzoyl-, and 
/V-thioacetyltetrahydroquinolines and -tetrahydroquinal
dines.

The fact that tosylation of 2-substituted tetrahydroquin
oxalines la -e  gave only the monotosyl derivatives 2a-e, 
especially in the acidic medium (pH 4), was curious in 
light of a report by Morley9 that acylation of tetrahydro- 
quinoxaline gave predominantly 1,4-diacyl derivatives at 
PH <5, and monoacyl derivatives at a higher pH. Cavag- 
nol and Wiselogle10 reported that benzenesulfonation of 
tetrahydroquinoxaline in aqueous sodium hydroxide gave 
only the mono-7V-benzenesulfonyl derivative. Also curious 
is the fact that tosylation of 2-methyltetrahydroquinoxa- 
line (la ) gave the 1-iV-tosyl derivative, whereas its re
ported acetylation or benzoylation gave first the 4-N-sub- 
stituted derivative 6a,b and then the 1,4-disubstituted 
derivative 7a,b.4 From the chemical shift data (Table III) 
for the mono (6a,b) and di (7a,b) derivatives it is seen 
that the monoacyl substituent causes a larger chemical 
shift difference for the C-3 equatorial proton when com 
pared with the unsubstituted parent (la ), thus indicating 
that, in contrast to tosylation, the first acyl group goes to 
the 4-N position of the heteroring. Only on disubstitution 
is a significant shift of the C-2 proton observed, indicating 
the second acyl group to be in the 1-N position.

The divergence of results for tosylation us. acylation of 
tetrahydroquinoxalines suggests that these reactions pro
ceed by different mechanisms with the position of substitu-
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Table IChemical Shifts and Shift Differences of 2-Substituted Tetrahydroquinoxalines and Their IV-Tosyl Derivatives
,------------------------------C-3 protons-------------------------------. --------C-2 proton-----

Compd“ Solvent6 A5d 5e„ AS S AS

l-T s-2 -Me-THQx CDCh 2.78}\ —0.14 2.91][ -0 .3 5 4 .15 ’1 0.73
2 -Me-THQx CDCb 2.921 3.26 3.42
1-Ts-2-CONH2-THQx DMSO-d6 3.321- 0 . 1 0

3.32]
0 . 1 0

4.2611 0.49
2 -CONH2-THQx DMSO-ds 3.221 3.221 3.771
l-Ts-2-COOH-THQx DMSO-de 3.441> 0 . 1 2

3.441\ 0 . 1 2
4.18 '[ 0 . 2 2

2 -COOH-THQx D M S O A 3.32! 3.32J 3.96)
l-Ts-2-COOEt-THQx CDCb 3.04][ -0 .2 9 3.44][ -0 .1 4 4.58]] 0.57
2 -COOEt-THQx CDCb 3.33 3.58 4.01]
l-Ts-2-CH 2OH-THQx CDCb 3.26 \ 0 . 1 1

3 .26
1 0 . 1 1

4.111[ 0.772-C H,O H -THQ x CDCh 3 . 1 5 j 3 . 1 5  j 3 . 3 4  j

“ THQx = tetrahydroquinoxaline. 6 Solutions were ~10%  in the given solvent. e <5 is in ppm  from internal TM S. 4 — AS 
represents an upheld shift.

Scheme I

H H
la-e 2 a-e

a, R  =  C H 3
b, R  =  C O N H 2
c, R  =  C O O H
d, R  =  C O O C H 2C H 3
e, R  =  C H 2O H

Table IIChemical Shifts and Shift Differences of Tetrahydroquinolines and Their IV-Tosyl Derivatives
,—-C -3  protons— > r—C-2 proton (s)-

Compd“ Si  A6C 5 AS

Ts-THQn 1.62} n 96 3 ‘ 78  ̂- 0 .2 6  3 23|THQn 1 .8 8 /
Ts-2-Me-THQn 1.721 0  on 4 -38l 

° - 0 6  3 .32 /2-Me-THQn 1.78/

“ THQn = tetrahydroquinoline. b S is in ppm from in
ternal TM S for ~ 10%  solutions in CDC13. c — A S  repre
sents an upheld shift.

4a,b 5a,b
a, R = H
b, R = CH;j

CH3 H fr
Y ^ ch3
COOH

0 2
8

a, R  =  COCH3
b, R  =  C O C A

tion being controlled by different factors. It appears that 
acylation proceeds through an intermediate via an Sn2- 
type mechanism1 1  and is controlled by steric factors in 
which the bulk of the incoming acyl group causes substi
tution to occur at the least hindered 4-N position farthest 
away from the 2-alkyl group. Tosylation, however, appears 
to be controlled by electronic effects, such as increased 
basicity o f the 1-nitrogen, which directs the  incoming 
tosyl group to the 1-N position.

Archer and Mosher12  have shown that 2-substituted tet
rahydroquinoxalines exist predominantly in a half-chair

conformation with the 2 -alkyl group preferentially equato
rial, as evidenced by a chemical shift difference of ~ 1  
ppm downfield between the axial and the equatorial C-3 
methylene protons. The extent to which the 1-nitrogen is 
coplanar with the aromatic ring is in doubt, based on a 
recent microwave determination which showed that the 
NH2 group of aniline is not coplanar with the benzene 
ring.13 Therefore, it is conceivable that the 2 substituent 
of 2 -substituted tetrahydroquinoxalines, in seeking the 
equatorial position, forces the 1 -nitrogen to be noncopla- 
nar with the aromatic ring, thereby sterically inhibiting 
delocalization of the lone electron pair of the 1 -nitrogen 
atom into the aromatic ring, increasing its basicity. Thus, 
the increased basicity of the 1-nitrogen over that o f the 4- 
nitrogen atom attracts the incoming tosyl group to the
1-N position. The exact mechanism of N-tosylation and 
the reason why 2 -substituted tetrahydroquinoxalines give 
only monotosyl derivatives are still unknown. Further in
vestigation in these areas is warranted.

The structures of the various l-tosyl-2-substituted
1,2,3,4-tetrahydroquinoxalines having been established, 
determinations of the chiralities of their asymmetric cen
ters followed.

The unequivocal synthesis of (S)-2-methyl-l,2,3,4-tet- 
rahydroquinoxaline [(S)-la] from L-a-alanine and 2,4-di- 
bromonitrobenzene14 via the sequence (S')-Ar-(2-nitro-5- 
bromophenyl)-a-alanine, (S)-3-methyl-6-bromo-3,4-dihy- 
dro-2 (lif)-quinoxalinone, (S)-2-methyl-7-bromo-l,2,3,4-
tetrahydroquinoxaline, and (S)-2-methyl-l,2,3,4-tetrahy- 
droquinoxaline has been reported, 15  and was repeated 
using 2,5-dibromonitrobenzene16  in place of 2,4-dibromo- 
nitrobenzene, uiothe parallel sequence, (S )-8 , (S)-9, (S )-1 0 ,
(S )-la . Both sequences gave almost the same overall yields 
of (S )-la  of identical physical and optical properties, thus 
confirming the optical purity o f the original unequivocally 
prepared (6’ ) - la.

Little difference was noted in the reactivities of the two 
series of bromo-substituted isomers. Curiously, (S )-3- 
methyl-6-bromo-3,4-dihydro-2(lH)-quinoxalinone was sta-
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Table IIIChemical Shifts and Shift Differences of 2-Methyltetrahydroquinoxaline and Its Mono- and Diacyl Derivatives
Compda s j

--------------- ---------- C-3 protons—
êq AS 5

C-2 proton-------- -—y
A5

4-Ac-2-Me-THQx 2.96 , 0.04 4.35, 1.09 3.56, 0.142-Me-THQx 2.92 3.26 3.42
DiAc-2-Me-THQx
4-Bz-2-Me-THQx'i

2 .8 2 '
3 .25 ,

— 0.10

Q .33 
0.56

4 .9 0 s
4 .15 ,
3.26

1.64

0.89
1.30

4 .9 0 S
3.55,

1.48

0.13
1.642-Me-THQx 2.92 3.42

DiBz-2-Me-THQx 3.48* 4 .5 6 s 5 .0 6 S
* THQx = tetrahydroquinoxaline, Ac 

CDC13. c — AS represents an upheld shift.
=  acetyl, Bz =  benzoyl. 6 a is in ppm from internal TM S for 
i  Shift values are taken from ref 4.

'~10% solutions in

ble in boiling water but dehydrogenated to 3-methyl-6- 
bromo-2( 1/f) -quinoxalinone17 on heating or prolonged 
standing in organic solvents or on passage through an alu
mina column, whereas its isomer was stable in organic 
solvents but dehydrogenated to 3-m ethyl-7-brom o-2(li/)- 
quinoxalinone17 in boiling water. The 4-acetyl-, 1,4-diace
tyl-, and l,4-dibenzoyl-(S)-2-methyl-l,2,3,4-tetrahydro- 
quinoxalines have also been prepared.

It was desired to  use this unequivocally prepared (S)-2- 
methyl-1,2,3,4-tetrahydroquinoxaline [(S )-la ] of known 
chirality about C-2 as a configurational standard to deter
mine the chiralities o f other 2-substituted 1,2,3,4-tetrahy- 
droquinoxalines by means of a series of routine oxidation, 
reduction, and displacement reactions which would relate 
their absolute configurations to that o f the standard, (S)- 
la .

To this end, (i?5)-l,2,3,4-tetrahydroquinoxaline-2-car- 
boxamide18 (lb) (from quinoxaline-2-carboxamide19) was 
resolved with dibenzoyl-d-tartaric acid,20’21 thereby es
tablishing the C-2 chiralities o f amide lb, acid lc , and al
cohol le  by relation to the configurational standard, (S)-
2-methyhl,2,3,4-tetTahydroqumoxa\ime )(S>-la}, as out
lined in Scheme II.

Scheme II
(IKRS)-lb —  (+MR)-lb — -  (+HR)-lc — ► (-HR)-le

1
(+)-(R)-2b —  (—)-(R)-2c —*  (-HR)-2e

I
(+HSH0 — (—)-(S)-la —-  (—)-(S)-2a —  (-HR)-ll

(+HS)-9 (+)-(S)-8

Tosylation o f the optically active amide (-ff)-lb with 
tosyl chloride in a buffered (pH 4) aqueous acetic acid- 
sodium acetate-tetrahydrofuran solution gave (+ )-l-tosyl-
l,2,3,4-tetrahydroquinoxaline-2-carboxamide [(R)-2bj. Hy
drolysis of amide (R)-2b in aqueous sulfuric acid gave 
( ~ ) - i  -tosyl -1 ,2 ,3 ,4-tetrahy droquinoxaline-2-carboxylic 
acid ](i?)-2c], and lithium aluminum hydride reduction of 
acid (i?)-2c gave (-)-l-tosyl-2-hydroxym ethyl-l,2,3,4-tet- 
tahydroquinoxaline f(R)-2ei,. In contrast to their untosyl- 
ated parent analogs, the latter two compounds were sta
ble crystalline solids. Treatment of alcohol (R)-2e with 
mesyl chloride in pyridine gave its (-)-O -m esylate deriva
tive (-R)-ll, and sodium borohydride reduction o f mesyl
ate (J?)-ll gave (-)-(S )-l-tosy l-2 -m eth y l-l,2,3,4-tetrahy
droquinoxaline [(S')-2a], identical with that obtained by 
directly tosylating the configurational standard (S)-2- 
methyl-1,2,3,4-tetrahydroquinoxaline [(S )-la ].

Therefore, this sequence o f reactions permitted assign
ment of the R  chirality to the O-mesylate derivative 11 
and the preceding 2-substituted 1,2,3,4-tetrahydroquinox- 
alines. It should be noted that the Cahn-Ingold-Prelog22 
designation of the chirality changes from R  to S in going 
from the O-mesylate 11 to the methyl compound 2a. The 
reason for this is that the priority o f the groups changes in 
going from a hydroxymethyl mesyl group to a methyl 
group, although the arrangement of these groups about 
the chiral center remains the same.

Experimental Section23
l,2,3,4-Tetrahydroqumoxaline-2-carboxamide (lb). Catalytic 

reduction of quinoxaline-2-carboxamide19 in EtOH over 10% 
Pd/C gave (AS')-ib (92%), recrystallized from CHCl3-acetone (25 
ml/g, 2:1) to constant mp 110-112° (lit.18 mp 111°): nmr (DMSO- 
d6) b 3.22 (m, 2, NCH2), 3.77 (m, 1 , NCH), 5.28, 5.54 (br s, 2, 
NH’s), 6.45 (s, 4, aromatic), 7.19 (brs, 2, CONH2).

Resolution of (RS)-lb. To a hot (50°) solution of 26.6 g (0.15 
mol) of amide (flS)-lb in 100 ml of Me2C0 was added a previous
ly filtered, hot (50°) solution of 55.0 g (0.15 mol) of dibenzoyl-d- 
tartaric acid monohydrate in 500 ml of CHCI3 . After standing for 
20 hr at room temperature, the solution was filtered to give 33.4 g 
of tan solid, mp 129-131°, [<*]24d -28.6° (c 1.0, EtOH). Four re
crystallizations from hot Me2CO (2 ml/g) diluted with CHCI3 (6 
ml/g) gave 20.3 g of light tan solid, mp 135-137°, [a]2iD —2.1° (c
1.0, EtOH), which analyzed for the 1.5 amide to 1.0  acid monohy
drate complex.

A n a l. Calcd for (C9HiiN30 )i.5-C18Hi4 0 8-H20 : C, 58.89; H,
. 5.10; N, 9.86. Found: C, 58.87; H, 4.95; N, 9.75.

The diastereomeric salt (20.3 g) was dissolved in 50 ml of H20  
containing 10 g of KHCO3. This aqueous solution was extracted 
for 12-18 hr with CHCI3 in a continuous, heavier-than-water ex
tractor. The extracts were dried (MgSO-i), concentrated to 20 ml, 
and cooled to give 7.43 g [55.8% of total (R)-lb enantiomer initial
ly present] of light yellow solid, mp 122-124°, [a]2ii> +162.0° (c
1.0, EtOH). Recrystallization from Me2CO (3 ml/g) diluted with 
CHCI3 (5 ml/g) gave light yellow (R)-lb of constant mp 123-124°:

+162.8° (c 1.0, EtOH), +151.2° (c 1.0, THF), +174.8° (c
1 .0, CHCI3); ir (KBr) 3200, 3310, 3370, 3425 (NH), 1620 cm“ 1 
(C = 0 ); uv max 217 nm (t 32,700), 249 (3890), 308 (3890); nmr, 
same as for the RS compound.

A n a l. Calcd for C9HuN30: C, 61.00; H, 6.26; N, 23.71. Found: 
C, 60.90; H, 6.20; N, 23.63.

],2,3,4-Tetrahydroqumoxaline-2-carboxylic Acid (lc). Hy
drolysis of amide lb in refluxing 15% aq H2SO* or 6 NHC1 for 1 
hr, followed by adjusting the pH to 4 with solid KHCO3, gave 
acid lc.

(RS)-lc. A 92% yield was obtained: mp 165-167° (lit.18 mp
166-168°); nmr (DMSO-d6) b 3.32 (d, J  = 4.5 Hz, 2, NCH2), 3.96 
(t, J  = 4.5 Hz, 1 , NCH), 5.70 (m, COOH, NH’s, and HzO), 6.40 
(m, 4, aromatic).

(R)-lc. A 62% yield was obtained: mp 185-186° (from H20, 20 
ml/g); +36.1° (c 1.0, THF), +20.0° (c 1.0, EtOH), insoluble 
in CHCI3; neut equiv, calcd 178.2, found 178.4; ir (KBr) 3370 
(NH or OH), 3220 (OH or NH), 1690 cm' 1 (C = 0); nmr same as 
above.

A n a l. Calcd for C9Hi0N2O2: C, 60.66; H, 5.66; N, 15.72. Found: 
C, 60.74; H, 5.45; N, 15.85.

2 -Carboethoxy-1,2,3,4-tetrahydroquinoxaline (Id). Catalytic 
reduction of 2-carboethoxyquinoxaline24 in EtOH over 10% Pd/C 
gave Id (90%), which was recrystallized from EtOH (6 ml/g) to 
constant mp 77-79° (lit.18 mp 77°): nmr (CDCI3) 5 1.22 (t, J  = 7
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H z , 3, C H 3), 3 .33  (2  d, J vic  =  6  H z , J gem =  - 1 1  H z , 1 ,  N C H 2  ax),
3.58 (2 d, J vic =  4 H z , J gem =  - 1 1  H z , 1 , N C H 2  eq), 3.84 (s, 2, 
N H ’s), 4.01 (m , 1 , N C H ) ,  4 .18  (q, J  =  7 H z , 2, 0 C H 2), 6.57 (m , 4, 
aro m a tic).

( R ) -2 -H y d r o x y m e t h y I -l,2 ,3 ,4 -t e t r a h y d r o q u in o x a Iin e  [ ( / ? ) - 1  e ]. 
O p t ic a lly  active  ( R ) -le  was prepared in  9 9 .3 %  y ie ld  b y L iA lH 4 

reductio n of acid  ( R ) - lc  u sin g  the sam e procedure as reported 1 8  

for red uctio n  of ester ( R S ) -I d  to alcohol (R S ) - l e :  red o il; bp 2 3 0 - 
260° (15  m m ); n25d  1.6087; [a]24D - 2 4 . 2 °  (c 1.0 , E t O H ) ,  - 1 3 . 1 °  (c
1 .0 , T H F ) '  -2 5 .8 *  (c 1 .0 , C H C 1 3); ir , u v , and n m r sam e as for 
( R S ) - le . 1 8

1 .2 .3 .4 -  T e tr a h y d ro q u in o lin e  (4 a). C a t a ly t ic  red u ctio n  of red is
t ille d  q u in o lin e  in  E t O H  over 1 0 %  P d / C  gave 4a in  6 6 %  y ie ld : bp
14 2 -14 4 ° (15  m m ); n 21p 1 .5 9 11  ( l it . 2 5  bp 8 5 -8 6 ° (2 m m ), n 25d  
1.5 9 10 ); n m r ( C D C I 3 ) & 1 . 8 8  (p, J  =  6  H z , 2, C -3  m ethylenes),
2 .72  (t, J  =  6  H z , 2, C -4  m ethylenes), 3.23  (d istorted t, J  =  6  H z , 
2, C -2  m ethylenes), 3.55 (br s, 1 ,  N H ) , 6 .3 -7 .2  (m , 4, a ro m atic).

1 .2 .3 .4 - T e t r a h y d r o q u in a ld in e  (4b). C a t a ly t ic  red uctio n  of re 
d ist ille d  q u in a ld in e  in  E t O H  over 1 0 %  P d / C  gave 4b in  6 6 %  
y ie ld ; bp 1 4 3 -14 4 ° (20 mm); n21D 1.5687 ( l i t .2 6  bp 7 6 -7 8 .5 ° (0.75 
mm), n 20d  1.569 2); nmr (CDCI3) 5 1 .1 5  (d, J  =  6.5 H z , 3, CH3),
1 .7 2  (m , 2, C -3  m ethylenes), 2.68 (m , 2, C -4  m ethylenes), 3 .32 (m , 
1 , C -2  m eth ine), 3.47 (b rs , 1 , N H ) , 6 .3 -7 .2  (m , 4, a ro m atic).

G e n e r a l P ro c e d u re  fo r  N -T o s y la t io n  in  A c id ic  M e d iu m . T e n  
m illim o le s  of the com pound to be tosylated and 1 .5  g ( 1 1 .0  m m ol) 
of N a 0 A c -3 H 20  were d issolved in  15  m l of H 2 O , 4 m l of T H F ,  
and 2 m l of gl H O A c  (solution p H  ~ 4 )  and cooled to 5 ° in  an ice 
bath. T s C l  (2 . 1  g, 1 1 .0  m m ol) was added, and the m ix tu re  was 
stirred  o vernight ( ~ 1 8  hr) w hile  w arm ing  u p  to room tem pera
ture. T h e  p rec ip itated  product was filtered a n d  d rie d . I f  the p ro d 
uct d id  not p rec ip itate  d ire ctly  from  the solution, excess H 20  was 
added, and the solution  was extracted w ith  CHCI3, from  w hich 
the pro duct was isolated by evaporation of the CHCI3 and c ry s 
ta lliz a tio n  of the residue.

1  -p -T o lu e n e s u lf o n y l-l,2 ,3 ,4 -t e t r a h y d r o q u in o x a lin e -2 -c a r b o x - 
a m id e  (2b ). ( R S ) -2 b . A n  8 5 %  y ie ld  was o b ta in ed  by to sylating  
( R S ) - lb :  w hite so lid ; m p 18 2 -1 8 3 °, re c rysta llize d  from  E t O H  (3 
m l/g ) ; ir  (K B r )  3470, 3360, 3310  ( N H ) , 1665 ( C = 0 ) ,  1345, 116 5  
c m " 1  ( C S 0 2); u v  m ax 2 13  nm  (< 39,400), 237 sh (19,400), 303 
(4130); n m r ( D M S O -d 6) 5 2 .3 1  (s, 3, T s C H 3), 3 .3 2  (m , 2 , N C H 2),
4.26 (m , 1, N C H ) ,  6.05 (br s, 1 , N H ) , 6 .4 0 -7 .70  (m , 10 , aro m atic 
and C O N H 2 ); n m r (acetone-do) b 2 .3 1  (s, 3, T S C H 3 ), 3 .4 1 (m , 2 , 
N C H 2), 4.24 (t, J  =  1 0  H z , 1 , N C H ) , 5.42 (b r s, 1 , N H ) , 6 .4 5-7.6 5 
(m , 1 0 , aro m a tic  and C O N H 2).

A n a l. Calcd for Ci6H17N30 3S: C, 57.99; H, 5 .17 ; N, 12.68. 
Found: C, 57.99; H, 5.06; N, 12.86.

(R ) -2 b . A n  8 0 .5 %  y ie ld  was obtained b y  to sy la tin g  ( R ) - lb :  m p 
1 5 5 -1 5 6 °;  M 2 h) + 4 4 .4 ° (c 1 .0 , C H C 1 3), + 1 0 .0 °  (c 1 .0 , T H F ) ,  
+  19 .8 ° (c 1.0 , E t O H ) ; ir  (K B r )  3450, 3390, 3 12 5  ( N H ) , 1670 
( C = 0 ) ,  1335 , 116 0  c m - 1  ( C S O 2 ); u v  m ax  2 14  n m  (f 26,000), 238 
sh (13,000), 305 (2890); n m r sam e as for ( R S ) -2 b.

A n a l  F o u n d : C ,  58.06; H , 5 .12 ; N , 1 2 .4 1.
l-p -T o lu e n e s u lf o n y l- l ,2 ,3 ,4 -t e t r a h y d r o q u in o x a Iin e -2 -c a r b o x - 

y l ic  A c id  (2 c). (R S ) -2 c. A  6 7 %  y ie ld  was obta ined b y  to syla ting  
( R S ) - lc :  w hite so lid ; m p 18 9 -19 0 °, re c rysta llize d  from  M e O H - 
H 20  ( 6  m l/g , 2 :1 ) ;  ir  ( K B r )  3380 ( N H ) , 3290 (O H ), 1750 ( C = 0 ) ,  
1330, 114 0  c m - 1  ( C S 0 2); u v  m a x  2 13  n m  (e 20,800), 238 (12,500), 
304 (2330); n m r (D M S O -d e ) b 2 .32  (s, 3, T s C H 3), 3.44 (m , 2 , 
N C H 2), 4 .18  (m , 1 , N C H ) ,  5 .9 -7 .2  (m , 1 0 , a ro m atic, N H , and 
C O O H ) ; neut eq u iv  ca lcd  332.4, found 332.7.

A n a l. C a lc d  for C i 6 H i 6N 2 0 4 S : C ,  57.82; H ,  4.85; N , 8.43. 
Fo u n d : C ,  5 7 .7 1 ; H ,  4.89; N , 8.56.

(R ) -2 c . A m id e  (R ) -2 b  was hydrolyzed in  reflu x in g  1 5 %  H 2 S 0 4 

for 2 .5  h r  to give a c id  ( R ) -2 c in  9 4 .7 %  y ie ld : m p 1 2 3 -1 2 5 ° ;  [«]24d  
- 2 1 .3 °  (c 1.0, T H F ) ,  -3 4 . 4 °  (e 1.0, E t O H ) , un stab le  in  C H C I 3 so
lu tio n ; neut equiv, ca lcd  332.4, found 332 .7 ; ir  (K B r )  3370 (N H ), 
3650-2800 (O H ), 17 10 , 1738 (d, C = 0 ) ,  1340, 116 0  c m ' 1  ( C S 0 2); 
u v  and n m r sam e as for (R S ) - 2 c.

A n a l. F o u n d : C ,  57.65; H , 4.97; N , 8.33.
l-p -T o lu e n e s u lf o n y I -2 -c a r b o e t h o x y - l ,2 ,3 ,4 -t e t r a h y d r o q u in -  

o x a lin e  (2d ). A n  8 4 %  y ie ld  was obtained b y  to syla tin g  Id :  w hite 
so lid ; m p 13 9 -14 0 °, re crysta llize d  from  E t O H  (10  m l/g ) ; ir  (K B r )  
3370 ( N H ), 1740 ( C = 0 ) ,  1350, 116 0  cm ' 1  ( C S 0 2); u v  m ax 200 
n m  (end absorption), 2 15  (e 23,700), 240 (12 ,30 0 ), 307 (315 0 ); nm r 
( C D C I 3 ) b 1 .2 7  (t, J  =  7 H z , 3, C H 3), 2.36 (s, 3, T s C H 3), 3.04 (2 
d , J vic =  10  H z , J gem =  - 1 3  H z , 1, N C H 2  ax), 3.44 (m , 1 , N C H  
eq), 4 .2 1  (q, J  =  7 H z , 2, O C H 2), 4.38 (s, 1 , N H ) , 4.58 (2 d, J  =  3 
and 13 H z , 1 , N C H ) ,  6 .4 -7 .8  (m , 8 , a ro m atic).

A n a l. C a lc d  for C 1 8 H 2 oN 2 0 4 S : C ,  59.98; H ,  5.59; N , 7 .77. 
Fo u n d : C , 60.06; H , 5.59; N , 7.79.

l -p -T o lu e n e s u lf o n y l-2 -h y d r o x y m e t h y l- l ,2 ,3 ,4 -t e t r a h y d r o q u i-

n o x a lin e  (2e). (R S ) -2e. A  9 1 %  y ie ld  was obtained by to syla ting  
( R S ) - le :  w hite so lid ; rap 14 7 .5 -14 8 .5 °, re crysta llize d  from  E t O H  
(5 m l/g ) ; n m r ( C D C I 3 ) b 2 .35 (s, 3, T s C H 3), 3.26  (m , 2 , N C H 2),
3.47 (m , 2, C H 2 0 ) ,  4 .1 1  (m , 1, N C H ) ,  2 .9 -3 .6  (m , 2, O H  and 
N H ) , 6 .4 -7 .7  (m , 8 , aro m a tic); ir  and u v reported p re v io u s ly .1 8

( R )  -2 e . T o  a stirred  suspension of 0.76 g (20.0 m m ol) of L iA lH 4 

in  25 m l of d ry  E t 20  was added dropw ise over 0.25 h r  a solution 
of 0.90 g (2.7  m m ol) of tosyl a c id  (E ) -2 c  in  6  m l of d ry  T H F .  T h e  
solution was refluxed for 1 .5  hr and cooled in  an ice b a th . Excess 
L iA lH 4 was destroyed b y successive, dropwise a d d it io n  of 0.76 m l 
of H 2 0 , 0.57 m l of 2 0 %  N a O H , and 2 .7  m l of H 2 0 , followed b y 25 
m l of C H C I 3  to extract the organic pro duct. A fter reflu x in g  for 1,5  
hr, the so lution  was filtered . T h e  filtra te  was d ried  ( M g S 0 4), 
treated w ith  N o rit  and C e lite , a n d  evaporated un d er va cu u m  
(30°) to give 0.80 g (9 3 .3 % ) of yellow  o il, w hich  upon re c ry s ta lliza 
tion from  C e H 6  (5 m l/g )  gave a w hite so lid , m p 1 1 3 - 1 1 5 °  w ith  a 
phase change at 7 6 -7 8 ° (probably due to a benzene solvate). 
Tho ro ug h d ry in g  of the so lid  under v a cu u m  at 60° gave a sharp  
m eltin g  point of 1 1 4 - 1 1 5 ° ;  [a]24D —2 2 .4 ° (c 1.0 , C H C 1 3), —43.0° (c
I .  0, T H F ) ,  -6 4 .0 °  (c 1.0 , E t O H ) ; ir  ( K B r )  3392 ( N H ) , 3500-3100 
(br, O H ) , 1 3 3 0 ,1 1 5 5  c m - 1  ( C S 0 2); u v  and n m r sam e as above.

A n a l.  C a lc d  for C 1 6 H j 8 N 2 0 3 S : C , 60.36; H , 5.70; N , 8.80. 
Fo und, C , 60.42; H ,  5.48; N , 8.75.

l-p -T o lu e n e s u lf o n y l- l ,2 ,3 ,4 -t e t r a h y d r o q u in o lin e  (5 a ). A n  
8 5 %  y ie ld  was obtained b y  to syla ting  4 a : w hite so lid ; m p 9 5 -9 6 ° 
( l it .6 m p 9 3 -9 4 °) re crysta llize d  from  E t O H  (2 m l/g ) ; ir  (K B r )  
1345, 115 5  c m - 1  ( C S 0 2); u v  m ax  200 nm  (end absorption), 208 (t
I I , 2 0 0 ), 219  sh (4600), 253’ (5830); n m r ( C D C I 3 ) 6  1 .6 2  (p, J  =  6  

H z , 2, C -3  m ethylenes), 2.34 (s, 3, T S C H 3 ), 2.43 (t, J  =  6  H z , 2, 
C -4  m ethylenes), 3.78 (distorted t, J  =  6  H z , 2, C -2  m ethylenes),
6 .9 -7 .9  (m , 8 , a ro m atic).

l-p -T o lu e n e s u lf o n y I- l,2 ,3 ,4 -t e t r a h y d r o q u m a Id in e  (5 b ). A  
7 2 %  y ie ld  was obtained b y to syla ting  4b: w hite so lid ; m p 8 4 -8 5 ° 
recrysta llize d  from  E t O H  (2 m l/g ) ; ir  ( K B r )  1337, 115 5  c m - 1  

( C S 0 2); u v  m ax  200 nm  (end absorption), 250 (c 9320); n m r 
( C D C I 3 ) b 1.2 6  (d, J  =  6.5 H z , 3, C H 3), 1 . 1 -2 .6  (m , 4, C -3 , C -4  
m ethylenes), 2 .35  (s, 3, T s C H 3), 4.38 (sextet, J =  6.5 H z , 1 , C -2  
m ethine), 6 .9 -7 .9  (m , 8 , aro m atic).

A n a l. C a lc d  for C 1 7 H 1 9 N O 2 S : C , 67.75; H , 6 .35; N , 4.65. Fo und: 
C ,  67.67; H , 6 .35; N , 4.50.

B e n z o l 6 ] -4 -p -t o lu e n e s u lf o n y l - l ,4 -d ia z a b ic y c lo [ 3 .1 . 1  Jh ep t-6 -  
one (L a c ta m  3 ). T o  0.89 g (50.0 m m ol) of a c id  l c  in  3 m l of d ry  
C 5 H 5 N  cooled to 5 ° was added 2 .10  g ( 1 1 .0  m m ol) of T s C l .  A fter 
being stirred  for 15  m in , the so lution  was poured over 10  m l of ice 
and H 20  and filtered to g ive 1.2 7  g (8 0 .9%) of yellow  so lid , m p
1 1 0 -1 3 0 °  (la ctam  3). A c id ific a t io n  of the filtra te  to p H  2 w ith  1 0 %  
H 2 S 0 4 gave 0.35 g ( 2 1 . 1 % )  of p in k  so lid , m p 10 0 -13 0 ° (tosyl a c id  
2c). T h e  la cta m  3 p ro duct was tritu ra te d  w ith  10  m l of 1  N  
N a O H  and filtered  to give 1 .1 3  g (7 2 .0 % )  of ye llo w  so lid , m p  18 0 - 
200°. R e c ry sta lliz a tio n  from  E t O H - C H C l 3  (50 m l/g , 2 :1 )  gave 
w hite crysta ls  of constant m p 2 1 3 -2 1 4 ° :  ir  ( K B r )  1690 ( C = 0 ) ,  
1345, 116 5  c m - 1  ( C S 0 2), neither O H  nor N H ;  u v  m ax  200 nm  
(end absorption), 223 (« 24,300); n m r ( C D C 1 3) b 2.42 (s, 3, 
T s C H 3), 3 .3 5 -4 .6 5  (m , 3, N C H 2  and N C H ) ,  7 .1 -8 .3  (m , 8 , aro
m atic).

A n a l. C a lc d  for C i6 H i 4 N 2 0 3 S : C , 6 1 .1 3 ; H ,  4.49; N , 8.9 1. 
F o u n d : C ,  6 1 .2 1 ;  H ,  4.53; N , 8.80.

H y d r o ly s is  o f L a c t a m  3. L a c ta m  3 (0.16 g, 0 .5 1 m m ol) was re
fluxed for 5 h r in  10  m l of 1  N  N a O H . A fter c la rif ic a tio n  w ith 
N o rit and C e lite , the so lution  was a c id ifie d  w ith  6  N  H C 1  and f i l 
tered to give 0.08 g (4 7 .3 % )  of ta n  so lid , m p 1 6 8 -17 2 ° .  T h is  was 
re crysta llize d  from  M e O H -H 20  ( 6  m l/g , 2 : 1 ) to constant m p
18 8 -19 0 °, id e n tic a l w ith  a c id  2c b y  ir  an d  m ix tu re  m eltin g  point.

iV -( 2 -N it r o -4 -b r o m o p h e n y l) -a -a la n in e  (8 ). T h is  was prepared 
in  3 5 %  y ie ld  from  « -a la n in e  and 2 ,5 -d ibrom onitrobenzene b y the 
procedure reported p re v io u sly 1 5  for its  isom er, a n d  was re c rysta l
lize d  from  C 6H 8 (40 m l/g ) .

( S )  -8 : m p 16 5 -1 6 7 °; - ir  (K B r )  3380 ( N H ) , 1 7 1 7  ( C = 0 ) ,  508 
c m - 1  ( C B r ) ; u v  m ax 204 n m  (t  13,300), 239 (37,500), 274 sh 
(9100), 432 (8380); [o]24d + 1 6 .3 °  (c 1.0, T H F ) .

A n a l.  C q lc d  for C 9H 9 N 2 0 4B r : C ,  37.39; H , 3 .14 ; N , 9.69. 
Fo u n d : C ,  3 7 .7 5 ; H , 3 .16 ; N , 9.60.

( R S ) -8 : m p 1 6 5 -1 6 7 ° ( l it . 1 7  m p 16 2 -1 6 4 °) ; ir , uv, and n m r sam e 
as above.

3 -M e t h y l-7 -b r o m o -3 ,4 -d ih y d r o -2 ( lH ) -q u in o x a lin o n e  (9). T h is  
was prepared from  8  in  7 3 %  y ie ld  by S n C l2  red u ctio n  a n d  in  8 6 %  
y ie ld  by R a n e y  n ic k e l c a ta ly t ic  red u ctio n  as reported p re v io u sly 1 5  

for its  isom er and was re crysta llize d  from  C H C l 3-lig r o in  ( 2 0  m l/g , 
1:1).

(S ) -9: m p 1 6 9 -1 7 1 ° ;  ir  ( K B r )  3350 ( N H ), 1670 ( C = 0 ) ,  560 c m " 1  

(C B r ) ; u v  m ax 225 n m  (e 43,700), 274 (3570), 3 16  (4484); n m r
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(CDCl3-DMSO-d6, 1 :1 ) 6 1.34 (d, J  = 7 Hz, 3, CH3), 3.30 (br s, 1 , 
NH), 3.86 (q, J  = 7 Hz, 1, NCH), 5.64 (br s, 1, COHN), 6.5-7.0 
(m, 3, aromatic); [a]2*d +52.9° (c 1.0, THF). "

Anal. Calcd for C9H9N2OBr: C, 44.84; H, 3.76; N, 11.62. 
Found: C, 44.77; H, 3.60; N, 11.70.

(i?S)-9: mp 163-164°; ir, uv, and nmr same as above.
Anal. Found: C, 44.88; H, 3.75; N, 11.73.
2-Methyl-6-bromo-l,2,3,4-tetrahydroquinoxaline (10). This 

was prepared in 56% yield by LiAlH4 reduction of 9 by the proce
dure reported previously15 for its isomer and was recrystallized from 
ligroin (50ml/g).

(S)-10: mp 124-125.5°; ir (KBr) 3330, 3380 (NH), 566 cm“ 1 
(CBr); uv max 222 nm (i 39,700), 265 (6140), 322 (3860); nmr 
(CDCl3-DMSO-d6, 1:1) 5 1.16 (d, J  = 6 Hz, 3, CH3), 2.60-3.50 
(m, 3, NCH and NCH2), 5.06, 5.30 (2 br s, 2 , NH’s), 6.25-6.57 
(m, 3, aromatic); [a]24D + 14.3° (c 1.0, THF).

Anal. Calcd for C9HnN2Br: C, 47.60; H, 4.88; N, 12.33. Found: 
C, 47.63; H, 4.77; N, 12.03.

(ES)-10 : mp 154-155°; ir, uv, and nmr same as above.
Anal. Found: C, 47.47; H, 4.82; N, 12.43.
1.4- DiacetyI-2-methyl-6-bromo-l,2,3,4-tetrahydroquinoxa- 

line. This was prepared in 90% yield from 10 by the procedure re
ported previously15 and was recrystallized from ligroin (40 ml/g).

(S): mp 143-144°; ir (KBr) 1650 (C =0), 595 cm“ 1 (CBr); uv 
max 232 nm (i 21,000), 258 (11,300); nmr (CDC13) 5 1.17 (d, J =
6.5 Hz, 3, CH3), 2.17, 2.24 (2  s, 6 , COCH3), 2.98 (2  d, Jvlc = 6 Hz, 
«/gem = -12 Hz, 1, NCH2 ax), 4.4-5.3 (m, 2, NCH, NCH2 eq),
7.1-7.8 (m, 4, aromatic); [a]24D +95.9° (c 1.0, THF).

Anal. Calcd for Ci3H15N20 2Br: C, 50.18; H, 4.86; N, 9.00. 
Found: C, 49.90; H, 4.85; N, 9.03.

(RS): mp 157-159°; ir, uv, and nmr same as above.
Anal. Found: C, 50.39; H, 4.53; N, 8.96.
2-Methyl-l,2,3,4-tetrahydroquinoxaline (la). Catalytic re

duction of 2-methylquinoxaline27 in 95% EtOH over 10% Pd/C 
catalyst gave (iiS)-la (82%), which was recrystallized from lig
roin (20 ml/g) to constant mp 70-71° (lit.15 -28 mp 70-71°; lit.29 
mp 71°; lit.30 mp 72°); nmr (CDC13) 5 1.12 (d, J  = 6 Hz, 3, CH3),
2.92 (2 d, Jvic = 8 Hz, Jgem = - 1 1  Hz, 1 , NCH2 ax), 3.26 (2 d, 
Jvic — 3 Hz, Jgem = -11 Hz, 1, NCH2 eq), 3.42 (m, 1, NCH), 3.47 
(s, 2, NH’s), 6.52 (m, 4, aromatic).

(S)-la. This was prepared in 68.6% yield by catalytic hydroge- 
nolysis of the bromo group of 2-methyl-6-bromo-l,2,3,4-tetrahy- 
droquinoxaline ( 10 ) by the procedure reported previously: 15 mp
90-90.5°; [a]24n +60.0° (c 1.0, THF), -6.1° (c 1.0, CHC13), -35.8° 
(c 1.0, EtOH); ir, uv, nmr, and analyses have been reported pre
viously.15

4-Acetyl-2-methyl-l,2,3,4-tetrahydroquinoxaline (6a). Ac20  
(1 ml, 10 mmol) was added dropwise with shaking to 0.26 g (1.76 
mmol) of la. The solid dissolved with evolution of heat and then 
reprecipitated, giving 6a (93% yield), which was recrystallized 
from CHCl3-ligroin (45 ml/g, 1:2) to constant melting point.

(RS)-6a: white solid; mp 175-177°; ir (KBr) 3310 (NH), 1620 
cm“ 1  (C = 0); uv max 224 nm (t 25,400), 246 sh (15,200); nmr 
(CDC13, 100 MHz) 5 1.18 (d, J = 6 Hz, 3, CH3), 2.25 (s, 3, 
COCH3), 2.96 (2 d, Jvic = 8 Hz, Jgem = —12 Hz, 1, NCH2 ax),
3.56 (m, 1 , NCH), 4.10 (br s, 1, NH), 4.35 (2 d, J  = 4 Hz, Jgem = 
-12 Hz, 1, NCH2 eq), 6.4-7.2 (m, 4, aromatic); decoupling of the 
multiplet at <5 3.56 collapsed the methyl doublet at <5 1.18 into a 
singlet.

Anal. Calcd for C1 1H14N2O: C, 69.45; H, 7.42; N, 14.72. Found: 
C, 69.68; H, 7.52; N, 14.89.

(S)-6a: mp 202.5-204.5°; H 24d -177° (c 1.0, CHC13), -141° (c
1.0, THF), -122° (c 1.0, EtOH); ir, uv, and nmr same as above.

Anal. Found: C, 69.34; H, 7.39; N, 14.67.
1.4- Diacetyl-2-methyl-l,2,3,4-tetrahydroquinoxaline (7a). A 

solution of 0.11 g (0.74 mmol) of la in 1.0 ml (10 mmol) of Ac20 
was allowed to stand at room temperature for 24 hr. Excess Ac20 
was destroyed by addition of 1.5 ml of H20, and evaporation of 
the solvents under vacuum (40°) gave a 93% yield of the product 
which was recrystallized from ligroin (75 ml/g).

(RS)-7a: mp 141-143° (lit.24 mp 138-139°); ir (KBr) 1650 cm” 1 
(0 = 0 ); uv max 226 nm (e 23,200), 251 (12,300); nmr (CDC13, 100 
MHz) 5 1.13 (d, J = 6 Hz, 3, CH3), 2.16, 2.20 (2 s, 6, COCH3), 2.82 
(m, 1, NCH2 ax), 4.90 (m, 2, NCH and NCH2 eq), 7.25 (m, 4, ar
omatic); decoupling of the multiplet at 5 4.90 collapsed the meth
yl doublet at 5 1.13 into a singlet.

(S)-7a: mp 143-144°; [<*]24d +127° (c 1.0, CHC13), +133° (c 1.0, 
THF), +138° (c 1.0, EtOH); ir, uv, and nmr same as above.

Anal. Calcd for Ci3H16N20 2: C, 67.22; H, 6.94; N, 12.06. 
Found: C, 67.23; H, 6.90; N, 12.13.

1.4- Dibenzoyl-2-methyl-l,2,3,4-tetrahydroquinoxaline (7b).

To 0.13 g (0.88 mmol) of la suspended in 5 ml of 10% NaOH was 
added dropwise with shaking 0.5 ml (0.61 g, 4.2 mmol) of 
PhCOCl. The solution was diluted with 5 ml of H20, cooled, and 
filtered to give 0.30 g (95.8%) of white solid, which was recrystal
lized from EtOH (15 ml/g).

(JiS)-7b: mp 186-187° (lit.4 mp 187°); ir (KBr) 1640 cm” 1 
(C = 0); uv max 200 nm (end absorption), 219 sh (f 19,800), 270
(10,400); nmr (CDC13) & 1.29 (d, J  = 6 Hz, 3, CH3), 3.48 (2 d, JvSc 
= 6 Hz, Jgem = -13 Hz, 1, NCH2 ax), 4.56 (d, Jvic = 6 Hz, Jgern 
= -13 Hz, 1, NCH2 eq), 5.06 (p, 1, NCH), 6.83 (m, 4, Qx aro
matic), 7.45 (m, 10, Ph aromatic).

Anal. Calcd for C23H20N2O2: C, 77.51; H, 5.66; N, 7.86. Found: 
C, 77.53; H, 5.63; N, 7.84.

(S)-7b: mp 186-187°; M 24d +144° (c 1-0, CHC13), +123° (c 1.0, 
THF), +123° (c 1.0, EtOH); ir, uv, and nmr same as above.

Anal. Found: C, 77.17; H, 5.61; N, 7.67.
(jR)-l-p-Toluenesulfonyl-2-hydroxymethyl-l,2,3,4-tetrahy- 

droquinoxaline Methanesulfonate [(/?)-1 1 ], To a stirred, cold 
(-5°) solution of 0.5 ml (0.75 g, 6.5 mmol) of MsCl in 2 ml of dry 
C5H5N was added dropwise over 0.2 hr a solution of 0.68 g (2.14 
mmol) of alcohol (R)-le in 3 ml of dry C5H5N. After being stirred 
for 3 hr while cold, the solution was diluted with 30 ml of ice- 
water and cooled, causing a red oil to separate out. The solution 
was acidified with HC1 and extracted with CHC13. The CHC13 
extracts were dried (MgSCh), treated with Norit and Celite, con
centrated to 4 ml, and diluted with 2 ml of ligroin to give 0.17 g 
(20.1 %) of white solid, mp 129-131°, [a]24n -30.4° (c 1 .0 , CHC13). 
Recrystallization from CHCl3-ligroin (20 ml/g, 2:1) gave white 
solid of constant mp 136-137°; [a]24D -34.3° (c 1.0, CHC13), 
—40.7° (c 1.0, THF), -60.7° (c 1.0, EtOH); uv max 200 nm (end 
absorption), 215 (e 30,900), 239 (16,200), 310 (1880); ir and nmr 
same as (RS)-11 reported previously.18

Anal. Calcd for Ci7H2oN2OsS2: C, 51.50; H, 5.08; N, 7.07. 
Found: C, 51.42; H, 4.94; N, 7.16.

1 -p -Toluenesulfonyl-2-methyl-l,2,3,4-tetrahydroquinoxaline 
(2a). (RS)-2a. A 60% yield was obtained by tosylating la: white 
solid; mp 146-147°, recrystallized from EtOH (15 ml/g); ir (KBr) 
3390 (NH), 1330, 1160 cm” 1 (CS02); uv max 215 nm (e 25,000), 
244 (13,000), 311 (3260); nmr (CDC13) 5 1.00 (d, J  = 6 Hz, 3, 
CH3), 2.34 (s, 3, TsCH3), 2.78 (t, J  = 2.5 Hz, 1, NCH2 ax), 2.91 
(t, J  = 2.5 Hz, 1, NCH2 eq), 3.65 (m, 1 , NH), 4.15 (m, 1, NCH),
6.36-7.77 (m, 8 , aromatic).

Anal. Calcd for Cj6HisN20 2S: C, 63.55; H, 6.00; N, 9.26. 
Found: C, 63.58, H, 5.93; N, 9.04.

(S)-2a. A. By Reduction of the Mesylate (fi)-ll. A solution of
0.09 g (0.227 mmol) of mesylate (R )-ll and 0.04 g (1.0 mmol) of 
NaBHi in 2.5 ml of THF was refluxed for 4 hr. After cooling, the 
solution was diluted with 0.25 ml of H20  and 1 drop of 6 AT 
NaOH. The layers were separated; the organic layer was dried 
(MgSOi) and evaporated under vacuum (30°) to give 0.08 g of 
clear oil. Crystallization of the oil from 0.25 ml of EtOH gave 0.04 
g (58.4%) of white solid, mp 112-114°. Recrystallization from 
EtOH (15 ml/g) gave white solid of mp 115-117°; [a]24D —38.0° (c
1.0, THF), -62.2° (c 1.0, EtOH); identical by ir and mixture 
melting point with (S)-2a obtained by directly tosylating (S)-2- 
methyl-l,2,3,4-tetrahydroquinoxaline [(.S')-la] by method B 
below.

(S)-2a. B. By Tosylation of (S)-2-Methyl-l,2,3,4-tetrahydro- 
quinoxaline. Tosylation of (S)-la gave (S)-2a in 59.5% yield as a 
white solid which was recrystallized from EtOH (15 ml/g) to con
stant mp 116.5-117°; M 24d -37.4° (c 1.0, THF), -60.6° (c 1.0, 
EtOH), -32.7° (c 1.0, CHC13); uv max 215 nm (e 18,000), 243 
(9390), 312 (1970); ir and nmr same as for (RS)-2a.

Anal. Found: C, 63.73; H, 6.05; N, 9.25.
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Sigm atropic Rearrangem ent of Unsaturated A cetals. A M echanistic Study of 
the Thermal Isom erization of 5-Alkylidene-l,3-dioxanes

F. Mutterer and J. P. Fleury*

Laboratoire de Chimie Organique Générale,1 
Ecole Supérieure de Chimie, 68093 Mulhouse Cedex, France

Received July 27, 1973

The preparation and pyrolysis of 2-tert-butyl-5-ethylidene-l,3-dioxane-2-d are described. A negative isotope 
crossover experiment and a deuterium kinetic isotopic effect are in favor of an intramolecular isomerization in
volving a concerted 1,5-hydrogen shift. Some conclusions on the transition state are discussed.

We have shown that unsaturated acetals undergo two 
types of thermal cleavage depending on the location of the 
double bond.2 The acetals of type 1 derived from ally lie 
alcohols cleave thermally to give allylic esters 3 and ole
fins 4. On the other hand, those acetals 2 derived from 
a,)S-unsaturated aldehydes fragment to vinyl ethers 5 and 
saturated aldehydes 6.

1
O

+

3

Both cleavages can be described as retro-ene reactions38 
or retrograde ,T2ff2s +  T2S cycloadditions in which a het
eroatom is involved. For acyclic acetals, the results of ki
netic studies in the gas-phase pyrolysis3b (first-order ki
netics with a negative activation entropy) unambiguously 
support a concerted [1,5] sigmatropic hydrogen migration. 
The structures of cleavage products are in agreement with

such a mechanism. The experimental data available to 
date suggest that a six-membered transition state (such as 7a or 7b) is involved in the thermolysis.

7a, R = 0-alkyl; R' = H, alkyl 
b, R = H; R' = O-alkyl

Insofar as acyclic acetals are concerned, there is no ste- 
ric restriction to such a transition state. In cyclic acetals, 
such as 5-alkylidene-l,3-dioxanes 8, the concerted [1,5] 
sigmatropy, as proposed above, imposes considerable 
strain on the less favored4 boat conformer 9. Dreiding

9



Thermal Isomerization of 5-Alkylidene-l,3-dioxanes

Table IThe Kinetic Isotopic Effect in the Pyrolysis of 18
'----- Deuterium content, % ------n

Conditions of
Starting
dioxane

Recovered
dioxane Ester kH/kjyb

pyrolysis“ 18, D, 18, Dr 20 at 510°

510, 45 sec, 50% 36.4 49 .4 28.5 2.3
510, 45 sec, 45% 20.6 30.9 12.4 3.9
° Temperature (°C ), contact time in seconds, total con

version o f the labeled 18. b See Experimental Section.

models of this conformation show that the migrating hy
drogen atom is positioned 3 A away from the migrating 
terminus. Indeed, cyclic acetals 8 also undergo thermal 
cleavage reaction but require higher temperatures.

In these cases, the cleavage reaction does not involve a 
fragmentation, but an isomerization of the acetals 8 to 
yield the corresponding acyclic esters 10. Therefore the 
pressure-increase technique we employed for acyclic ace
tals to follow the kinetics was not adequate.315

These problems prompted us to undertake some experi
ments related more specifically with the hydrogen transfer 
itself, using both a 2-proteo- and a 2-deuterio-5-alkylidene- 
dioxane 8.

Synthesis of 2-tert-Butyl-5-ethylidenedioxane-2-d.
The general procedure for the synthesis of 5-alkylidene- 
dioxanes has been described by us previously.7 In the 
present case, the key intermediate was pivalaldehyde-I-d
(15), which was prepared by a sequence of deuterium in
corporation steps as shown in Scheme I; the processes and 
the conditions were those of Seebach for the synthesis of 
benzaldehyde-I-d.8 Condensation of 15 with diol 16 gave 
acetal 17, which was pyrolyzed at such a temperature that 
the retro-Diels-Alder reaction of 17 took place without 
causing the rearrangement of dioxane 18. The deuterium 
incorporation as measured by means of a nmr integration 
was 72% both in aldehyde 15 and dioxane 18.

Scheme I

17 18
Rearrangement of 5-Alkylidenedioxanes. First of all, 

our aim was to prove the intramolecular [1,5] shift of the 
hydrogen atom at the C-2 position in the isomerization of 
8 to 10. For this purpose, we have chosen to examine the 
possibility of an isotope crossover in the thermolysis o f a 
1:1 mixture of deuterated dioxane 18 and an undeuterated 
analog, 2-ethyl-5-ethylidene-l,3-dioxane (19). The choice 
of dioxanes 18 and 19 is dictated by the requirement that 
the rates of isomerization of both compounds are compa
rable so that such an experiment is meaningful and valid. 
In Scheme II, conditions of the pyrolysis and results are 
summarized, from which a number of conclusions can be 
obtained.

Scheme II
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20(51%)°

23
“ Deuterium incorporation in parentheses. “ Conversion of the 

dioxanes: 75 ±  5%.

(1) The undeuterated dioxane 19 isomerizes exclusively 
to (2-methylene)butylpropionic acid ester (23) in which no 
deuterium is incorporated as shown by the nmr spectrum; 
in other words, compound 22 has not been found in the 
reaction mixtures.

(2) The deuterium in the products is found exclusively 
in the pivalate 20 and is specifically located at the C-3 
position in the alkyl chain. Together with the above fact, 
the results indicate that each dioxane has undergone an 
intramolecular [1,5] hydrogen migration.

(3) The recovered dioxane 18 shows an nmr pattern for 
the ethylidene group identical with that of the starting 
material; no dioxane 21 has been detected in the reaction 
mixture. This fact suggests that the rearrangement is irre
versible. This conclusion is to be expected since the 
AAí P 298 (dioxane 18-ester 20) is calculated9 to be ~16 
kcal/mol in favoT of the ester, which, furthermore, pos
sesses a higher entropy factor at 550°.

(4) The deuterium content of ester 20 amounts to only 
51% while the percentage of deuterium in the recovered 
dioxane 18 rises to 94%. This enrichment reveals a signifi
cant first-order deuterium isotopic effect which is in 
agreement with the conclusion obtained so far.Deuterium Kinetic Isotopic Effect. In order to esti
mate the deuterium kinetic isotopic effect in the rear
rangement, dioxane 18 with lower deuterium contents was 
pyrolyzed alone in the gas phase. From the experimental 
results, the deuterium kinetic isotopic effects k H¡k Q were 
calculated; they are summarized in Table I. The scatter 
in these values arises mainly from uncertainty in the con
version of the ratio of 18. The observed value of 3 ±  1 at 
510° for k H/k D is in the range reported for other [1,5] hy
drogen migrations having a highly symmetrical transition 
state,10’11’12 although the large uncertainty precludes defi
nite conclusions about the geometry of the transition state 
for the pyrolysis of 18.

Conclusion
In summary, our observations on the thermal rearrange

ment of dioxanes of type 8 have shown that the reaction is 
intramolecular (lack of crossover), that it involves a spe
cific [1,5] hydrogen shift with double-bond migration,5-6 and 
that the hydrogen shift occurs in the slow reaction step.

These experimental data are characteristic for a con
certed [1,5] sigmatropic reaction. Recent mechanistic pro
posals for the retro-ene reaction13 have underlined the lin
ear (coaxial) relationship of the hydrogen and the atoms 
between which it is transferred in the transition state. For
5-alkylidene-l,3-dioxanes, a bicyclic transition state 24,
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arising from a boat conformation 9, would be required. 
Such a structure is highly strained, but, in view of the 
large activation barrier involved in the reaction, the ge
ometry of 24 may be attainable.

Experimental Section

ing and recovered proteo and deuterio dioxanes, respectively. The 
measured total conversion X  relates these quantities as follows.

ar H +  arD =  (1 — -YXaJH +  asD) (1)

The kinetic isotope effect is given by eq 2.14

kn = logCarH/aJJ) (2)
ko log(a ,D /asD)

The measured deuterium contents Ds and Dr (Table I) are re
lated to the ratio of the starting and recovered deuterio and pro
teo dioxanes in the fo llo w in g  w ay.

Ds _  asD _ . /Q,
100- D s asH ts V ’

The fractional distillation and the preparative glc techniques 
used are the same as earlier.2 The infrared spectra were taken as 
liquid films. Nmr spectra were taken at 60 MHz in carbon tetra
chloride with TMS as internal standard.

2-tert-Butyl-l,3-dithiane (12). The compound was prepared 
according to Seebach’s general procedure.8 Starting from 162 g 
(1.5 mol) of 1,3-propanedithiol and 129 g (1.5 mol) of pivalal- 
dehyde there was obtained 167 g (64%) of distilled dithiane 12: bp 
115° (14 mm); n40D 1.5305. The colorless liquid crystallized on 
standing: mp 37.5°; ir 2980, 2910, 1500, 1350, and 900 cm-1; nmr 1 
H singlet at b 8.08, 9 H singlet at 5 2.27.

2-iert-Butyl-1,3-dithiane-2-d (14). was prepared according to 
Seebach’s general procedure.8 Starting from 156 g (0.89 mol) of 
12, 144 g (92%) of, 14 was obtained, ir new bands at 1015, 1030, 
and 742 cm-1. The nmr integration of the singlet at t> 8.08, when 
compared to the other signals, shows an isotopic mixture contain
ing 72% of 2-iert-butyI~l,3-dithiane-2-d (14).

Pivalaldehyde-l-d (15). In a three-necked reaction vessel 
(thermometer, stirrer, and condenser), 144 g (0.82 mol) of di
thiane 14, 150 ml of water, 1200 ml of dioxane, 445 g of mercuric 
chloride, and 161 g of mercuric oxide8 were heated to gentle boil
ing under nitrogen. The orange slurry turned white and the solu
tion became green. After 4 hr the condenser was replaced by a 
distillation column. The distilling pivalaldehyde 15 was collected 
in a trap cooled to -5°. The collected mixture (76 g) contained 
the aldehyde and small amounts of water and dioxane. The dis
tillate was washed twice with water and dried over calcium chlo
ride to give aldehyde 15 (64 g), which still contained a trace of 
dioxane. The overall yield calculated from starting pivalaldehyde 
was 49.5%. The ir spectrum of 15 was similar to that of undeuter- 
ated aldehyde with additional bands at 2140, 2100, 1255, 1120, 
1060, and 855 cm-1-. In the nmr spectrum, the integration of pro
ton H-l at 6 9.4 was compared to that of the t e r t-butyl protons at 
b 1.17 and showed an isotopic content of 70-75% of pivalaidehyde- 
l - d (  15).

2-fert-Butyl-5-ethylidene-l,3-dioxane-2-d (18). The acetal for
mation and the procedure of retrodienic pyrolysis have been de
scribed previously.7 The nmr spectra of the undeuterated species 
18 have also been described.4 Integrations of the signals between 6 
3.75 and 4.18 (3 protons OCH2 plus H-2 protons) and the signal of 
the singlet at b 0.92 (9 t e r t -butyl protons) showed that the isotopic 
mixture 18 contains 72% of dioxan e-2 -d .

Thermal Isomerization of Dioxane 18. The pyrolysis tech
nique, the synthesis, and data of compounds 19 and 23 have been 
described elsewhere.2 The isotopic mixtures 18 with different deu
terium contents were obtained by mixing the deuterated 18 (deu
terium content 72%) with undeuterated 18. The conversions were 
calculated after calibration of the glc chromatograms with pure 
samples of dioxanes and esters on two different columns (SE-30 
and Reoplex on Chromosorb W-HMDS). The isotopic effect has 
been calculated as follows.

Let asH, arH and asD, arD be the concentrations of the start-

Dr _  arD
100 — Dr arH

(4)

By replacing the parameters in eq 1 with their equivalent 
values in eq 3 and 4, the following relations are obtained.

arH
asH =  ( 1 - X )

1 + 4 
1 +  4 (5)

OrD
as D - Î I - X )

1 + 1/4 
1 + 1/4 (6)

Thus k n / k D in eq 2 can be computed from the experimental 
dataX, Ds, andDr,

2-Methylenebutyl-3-a’-pivalic Acid Ester (20). The ir was
similar to that of the undeuterated butyl ester with additional 
bands at 2300, 2100, 1015, and 815 cm-1. The deuterium amount 
is calculated by nmr; the integration of the CH2 quartet of the 
butyl group at 6 2.1 is compared to that of the OCH2 at 5 4.48 or 
the methylene at 6 4.92.
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Attempted dichlorination (with SO2CI2) of the a-carbon atom of either dibenzyl sulfoxide or benzyl phenyl 
sulfoxide led only to cleavage of the carbon-sulfur bond. Dibenzyl sulfide could be dichlorinated at the a posi
tion, but treatment of benzyl phenyl sulfide with 2 equiv of S02C12 gave carbon-sulfur bond cleavage. Several 
a,«-dichlorobenzyl benzyl sulfoxides were made from the corresponding sulfides by oxidation with peracid. Re
duction of a,a-dichlorobenzyl benzyl sulfoxide (2a) to a mixture of diastereomeric a-chlorobenzyl benzyl sulfox
ides was carried by (a) (Me2N)sP in aqueous solvents and (b) chromous ion in aqueous solvents. Variations in 
the ratios of diastereomers obtained were studied as a function of solvent and reducing agent. Little variation in 
product ratios was observed with (Me2N)3P but product ratios in the reduction of 2a with chromous ion varied 
a great deal.

In the past few years, a number of reports dealing with 
a-halo sulfoxides have appeared. Up until recently, these 
compounds were relatively unknown; now there exist a 
number of methods for their synthesis.2 Since the sulfinyl 
group is capable of asymmetry, many of these «-halo sul
foxides [e.g., R1R2C X S (0 )R 3] are diastereomeric (and/or 
optically active) and therefore an added structural feature 
is naturally present.

A number of workers have observed that «-chlorination 
of sulfoxides may stereoselectively lead to one of two 
possible diastereomeric a-chloro s u l f o x i d e s . 3 Fur
thermore, «-chlorination of sulfides followed by oxidation 
also may give a-chloro sulfoxides with a high degree of 
stereoselectivity.2"1 We sought an alternate and perhaps 
complementary synthetic pathway to the stereoselective 
synthesis of a-chloro sulfoxides based on reductions of 
a,a-dichloro sulfoxides. Analogy for such a reaction can be 
found in the reductions of a-halo sulfones.4

Results and Discussion
We tried two principal routes into a,«-dichloro sulfox

ides: dichlorination o f sulfoxides and dichlorination of sul
fides followed by oxidation to the desired sulfoxides. Of 
these methods, only the latter was successful.

Initially, we attempted to synthesize « , « -dichlorobenzyl 
phenyl sulfoxide. However, attempted dichlorination of 
either benzyl phenyl sulfide or benzyl phenyl sulfoxide by 
the usual procedures5 led only to cleavage o f the benzylic 
carbon-sulfur bond. Monochlorination of either benzyl 
phenyl sulfide or benzyl phenyl sulfoxide to give the cor
responding «-chlorination products proceeds in high 
yields. However, treatment of these a-chloro sulfides or 
sulfoxides with an additional 1 equiv o f chlorinating agent 
(e.g., sulfuryl chloride) under a variety of conditions in
variably led to cleavage products (benzal chloride) and no 
a,a-dichlorobenzyl phenyl sulfide or a,a-dichlorobenzyl 
phenyl sulfoxide were observed. It appears that one of the 
driving forces for cleavage of the carbon-sulfur bond is the 
increased stability of the benzylic cation possessing an a- 
chlorine atom.6 As evidence of this, dichlorination of p- 
nitrobenzyl phenyl sulfide and p-cyanobenzyl phenyl sul
fide (but not the corresponding sulfoxides) followed by ox
idation with m-chloroperbenzoic acid (MCPBA) led to the 
p-nitro-«,«-dichlorobenzyl phenyl sulfoxide and p-cyano- 
«,a-dichlorobenzyl phenyl sulfoxide, respectively, in good 
yields. Unfortunately, these compounds were extremely 
difficult to handle owing to their sensitivity to moisture 
and protic solvents. The chemistry of these sulfoxides will 
be the subject of a separate article.

The proposed mechanism for a-chlorination of sulfides56 
suggests that cleavage products and a-chloro sulfides re

sult from competitive second-order reactions of the inter
mediate chlorosulfonium ions (i) with chloride ion. The 
scheme we propose combines certain ideas previously pre
sented.5 This scheme explains why cleavage becomes 
more favored when an «-chlorine atom is already present, 
since the resulting carbonium ion will be more stable.6 
Nucleophilic displacement on the «-carbon atom in i by 
C l-  5b seems less likely since the a-chlorine atom should 
retard the Sn2 reaction.7

Cl Cl
Cl Cl ci- I + 1
I | X V *  PhCCl=SR *-»- PhCCISR —-  PhCCl2SR

PhCHSR C|_
+ \ ?= fc  [PhCHCl +  C1SR] — *■ PhCHCl, +  C1SR

j 4. slow

The aryl-substituted dibenzyl sulfides (I) could be di
chlorinated and oxidized to the « , «-dichlorobenzyl benzyl
sulfoxide (2) in good yields (eq 1). Little carbon-sulfur

0

la,
(ArCH.,)oS ------------

2. MCPBA
Ar = CJL

ArCCLSCH.Ar 
2a, Ar -  C6H5

b, Ar = p-CH3C6H4 b, Ar = p-CHAH,
c, Ar = p-ClC6H4 c, Ar = p-C!C6H4
d, Ar = p-N02C6H4 d, Ar = p-N02C6H4

bond cleavage was observed in this system in contrast to 
benzyl phenyl sulfide (vide supra). This in part may be 
due to the instability of benzylsulfenyl chloride (which 
would be formed on cleavage) compared to benzenesulfen- 
yl chloride.8 Although the basis for this instability of al- 
kylsulfenyl chlorides (cf. arylsulfenyl chlorides) is kinetic in 
nature, their thermodynamic stabilities may well parallel 
the kinetic stabilities.8 Attempted chlorination (with 
SO2CI2 ) o f a-chlorobenzyl benzyl sulfoxide to give the 
known9 dichloro sulfoxide 2a instead gave a mixture of at 
least five different products (benzal chloride was a major 
constituent), none of which was 2a. Such behavior is not 
surprising in view of the ease with which chlorination of 
sulfoxides can lead to carbon-sulfur bond cleavage in the 
cases where relatively stable carbonium ions (PhCHCl+ in 
this case) can be formed.10

A study was made of the reduction of the dichloro sulf
oxide 2a to the monochloro sulfoxides 3a and 3b with sev
eral reducing agents: hexamethylphosphorous triamide 
[(Me2N )3P], chromous chloride, and tri-n-butyltin hy
dride. Tri-n-butyltin hydride was used only in one experi
ment. Owing to the thermal instability of 2a, the reaction 
was carried out below room temperature under uv irradia
tion. The reaction proved to be slow even with 1 M  tri-n- 
butyltin hydride in tetrahydrofuran (THF), and work-up
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Table IReduction of Benzyl a,«-Dichlorobenzyl Sulfoxide (2a) with Hexamethylphosphorous Triamide[(MesN),P] a t  25° «
Aqueous solvent

[3a/3b]
±  5% Aqueous solvent

[3a/3b]
±  5%

100% EtOH 1.00 70% Dioxane 0.83
100% t-BuO H 0.71 46% Dioxane 0.67
90% D M F 0.48 90% EtOH 0.69
90% H M PT 0.65 80% EtOH 0.77
90% TH F 1.00 100% EtOH 4 1.00
90% Dioxane 0.77 90% T H F 6 0.91
80% D M F 0.59 90% H M P T 6 1.40
70% D M F 0.67 90% D M F 6 1.11
80% Dioxane 0.77

a Within experimental error these ratios showed no
changes over the temperature range of 25-65°,. 6 1.0 M  in
LiClOi.

was complicated by the presence of unreacted tri-n-butyl- 
tin hydride and tri-n-butyltin chloride. However, the re
duction o f 2a under these conditions did proceed to give 
ca. a 70% yield of 3a and 3b in a ratio of 3:1, respectively.

(Me,N)J o

II
2a — f   ----->- PhCHClSCH,Ph (2)

\ n -B u 3SnH f  3 a  +  3 b

The chloro sulfoxides 3a and 3b have been reported pre
viously (although their configurations have not been as
signed) and have the following physical properties: 3a, mp 
113-113.5°, nmr (CDClg) signal at 5 5.22 for the methine 
proton,2m 3b, mp 117-118.5°, nmr (CDCI3) signal at 5
5.45 for the methine proton.2-!

The reaction of la with (M e2N )3P was run under a vari
ety o f conditions in hopes o f realizing a large variation in 
the product ratio, 3a:3b. However, employing a large 
number of different solvent and reaction temperature con
ditions had little marked effect on the product ratios. 
Under the conditions employed (see Table I), the ratios of 3a:3b varied from ca. 0.5 to 1,4.

The effect of added lithium perchlorate was negligible 
in 90% ethanol and 90% THF solvents, but the salt ap
peared to cause a significant change in the product ratios 
in the dipolar aprotic solvents dimethylformamide (DMF) 
and hexamethylphosphoric triamide (H M PT) (Table I).

The pathway for reduction of 2a by (M e2N )3P appears 
closely related to analogous reductions observed in the 
reactions of 5-halo sulfones with triphenylphosphine4-11 
and in the debromination of bis(a-bromobenzyl) sulfoxide 
with (Me2N )3P to give diphenylthiirane 1-oxide and 
(Me2N)3PBr2.13 These reactions involve intermediate 
carbanions which can undergo portonation (leading to re
duction products4-12) or lose halide ion.13

The «-sulfinyl carbanion has been of keen interest late
ly both from a theoretical14 and experimental18 stand
point. At the initiation of this work, we felt that a solvent 
study such as that described above would lead to more in
sight into the nature of the a-sulfinyl carbanion. However, 
it is now clear that the stereochemical fate o f the a-sulfin
yl carbanion is solvent dependent16 and that the small 
variation we observe (Table I) in the product ratios can 
easily be accounted for in terms of asymmetric solvation 
of the intermediate carbanions.17

A more interesting result was obtained in the chromous 
ion (Cr2+) reductions of 2a to give 3a and 3b (Table II). 
The reaction of Cr2+ with 2a in aqueous solvents ap
peared to take place instantly. The monochloro sulfoxides 
3a and 3b could be further reduced to dibenzyl sulfoxide, 
although at a rate significantly slower than that observed 
for the reduction of 2a. The monochloro sulfoxides 3a and

Table IIReduction of Benzyl a,«-Dichlorobenzyl Sulfoxide(2a) with CrCl, at 250

Aqueous solvent
[3a/3b]
±  5%“ Aqueous solvent

[3a/3b]
5 % “

90% EtOH 38 90% DMSO 1.0
80% EtOH 66 90% H M PT 5.4
90% M eO H 32 90% D M F 2.5
90% THF 30 80% D M F 6.3
90% Dioxane 30 70% D M F 12
80% Dioxane 48

a Within experimental error, these ratios showed no
change over the temperature range of 25-65°. Added 
lithium perchlorate (up to 2 M ) also had no apparent effect 
on these ratios in 90% DM F, 90% dioxane, and 90% eth
anol solutions.
3b did not undergo reduction by Cr2+ at the same rates; 
so care was taken to ensure that reduction of 2a proceeded 
only as far as to give the monochloro sulfoxides 3a and 3b.

It is clear from Table II that the 3a/3b ratio varies sig
nificantly with solvent conditions. In particular, use o f 
90% aqueous dipolar aprotic solvents (DM SO, DMF, and 
HM PT) gave 3a/3b ratios of ca. 1-5 whereas 90% aqueous 
ether and alcohol solvents gave 3a/3b ratios of ca. 30. 
Furthermore, increasing the per cent of water in all solu
tions led to a marked increase in the 3a/3b ratio. Again 
the product ratios showed essentially no change over a 40° 
temperature range or any change upon added lithium per
chlorate.

A number of studies have been made on the reduction 
of alkyl halides with chromous ion.18 These reactions are 
believed to involve several steps: a slow abstraction of a 
chlorine atom (in RC1) by Cr2+ to give [CrCl]2+ +  R-, fol
lowed by a rapid coupling o f R- with another Cr2+ to give 
[RCr]2+, and finally a slow protonolysis of the C -Cr bond 
to give RH +  Cr3+. This last step occurs with retention of 
configuration19 and can be followed spectrophotometrical-
¡ y . 2 °

We briefly examined the question o f whether we ob
served the intermediate 4 in the reaction of 2a with Cr2+ 
and found that on mixing of a solution of 2a with Cr2+, an 
appreciable absorbance was observed at 365 nm. The ab
sorbance decreased with time, and a plot of log (A -  A „ )  
vs. time gave a linear plot, indicating that first-order ki
netics was being observed. This observation is consistent 
with results from kinetic studies of similar reactions.23

The product-determining step in the reaction o f 2a with 
Cr2+ would appear to be the coupling of the benzylic radi
cal PhCClS(0)CH 2Ph with a chromous ion18’21 to give 4 
(actually a set of diastereomers). It seems unlikely that 
the change in solvent has an appreciable effect on the 
conformation of the intermediate radical. However, the 
chemical nature of chromous ion probably is sensitive to 
solvation effects,21’22 and therefore a change in solvent is 
likely to lead to a significant change in reactivity.

O
II

P h C C lS C H .P h

I '
C r 24

4
Experimental Section

Melting points were taken on a Mel-Temp apparatus and are 
uncorrected. The nmr spectra were recorded on a Varian Asso
ciates A-60D nmr spectrometer at ambient temperatures. The 
spectra were taken in deuteriochloroform with tetramethylsilane 
(5 0.00) as an internal standard. The ir spectra of the isolated 
compounds were taken in KBr pellets; those spectra of solutions 
were taken in carbon tetrachloride solutions. Elemental analyses 
were performed by Dr. Franz Kasler and Mrs. Shelesa Brew at 
the Department of Chemistry, Uni versity of Maryland.
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Attempted Syntheses of «,a-Dichlorobenzyl Phenyl Sulfox
ide. To a solution of 1 g (5.0 mmol) of benzyl phenyl sulfide in 10 
ml of carbon tetrachloride was added dropwise (at room tempera
ture) 1.5 g (11 mmol) of sulfuryl chloride in 2 ml of carbon tetra
chloride. The course of the reaction was monitored by nmr spec
troscopy, which showed that the benzyl phenyl sulfide was 
smoothly converted by the first equivalent of sulfuryl chloride to 
a-chlorobenzyl phenyl sulfide. An nmr spectrum of the reaction 
mixture taken after all the sulfuryl chloride solution had been 
added showed that a significant amount of benzal chloride (ben- 
zylic proton located at S 6.6) and a smaller amount of benzyl 
chloride (benzylic proton located at d 4.5) had been formed. The 
carbon tetrachloride was removed by rotary evaporation and the 
oil was dissolved in 10 ml of dry methylene chloride. To this mix
ture was added 1.0 g (5.0 mmol) of m-chloroperoxy benzoic acid 
(MCPBA). The reaction mixture was stirred for 10 min and then 
washed with dilute sodium bicarbonate. The solution was dried 
(MgS04) and the solvent was removed by rotary evaporation. An 
ir spectrum showed the absence of any appreciable absorption in 
the region of 1050-1100 cm-1, where the S -0  stretching frequency 
for sulfoxides is found.23 Variations in reaction times and temper
atures as well as solvents (DMF, methylene chloride, and sulfo
lane were used) still led to no observable amount of a,«-dichlo
robenzyl phenyl sulfoxide.

Attempts to chlorinate a-chlorobenzyl phenyl sulfoxide2f 
(which can be made in nearly quantitative yield by the mono
chlorination of benzyl phenyl sulfoxide) with sulfuryl chloride and 
pyridine2® in several solvents (DMF, methylene chloride, and sul
folane) gave only cleavage products24 and recovered starting ma
terial.

a-Chlorination of Benzyl Phenyl Sulfides Containing Elec
tron-Withdrawing Groups. To a solution of 1.0 g (4.1 mmol) of
4-nitrobenzyl phenyl sulfide25 dissolved in 20 ml of dry carbon 
tetrachloride was added dropwise 1.34 g (9.9 mmol) of sulfuryl 
chloride in 5 ml of carbon tetrachloride. After 30 min, the carbon 
tetrachloride was removed by rotary evaporation and the oil was 
taken up in 20 ml of dry methylene chloride. To this solution was 
added, in increments of ca. 0.2 g, 0.81 g (4.0 mmol) of 85% 
MCPBA. After 5 min, the reaction mixture was washed with 
water and 10% sodium bicarbonate solution. The organic layer 
was dried (MgS04) and the solvent was removed by rotary evap
oration. On standing, the oil (1 g) solidified, mp 82-91°. An ir 
spectrum of this material showed a sulfoxide band at 1105 cm 1 
and no carbonyl band; tic on alumina showed one major and sev
eral minor spots. Attempts to recrystallize this material from 
Skellysolve B-methylene chloride led to considerable decomposi
tion of the material. When this material was heated in absolute 
methanol for a few minutes, methyl 4-nitrobenzoate, mp 94.0-94.5 
(lit.26 mp 96°), was isolated when the solution was cooled. Similar 
results were obtained when these procedures were attempted with
4-cyanobenzyl phenyl sulfide.

Benzyl a,a-Dichlorobenzyl Sulfoxide (2a). Dibenzyl sulfide 
(5.0 g, 23 mmol) was dissolved in 20 ml of dry carbon tetrachlo
ride. To this solution was added, dropwise, over a 1-hr period, 6.5 
g (48 mmol) of sulfuryl chloride in 15 ml of dry carbon tetrachlo
ride. After the reaction mixture had stirred for an additional 1 hr, 
the solvent was removed by rotary evaporation. To the resulting 
oil were added 40 ml of dry methylene chloride and, in incre
ments, 4.7 g (23 mmol) of 85% MCPBA. Five minutes later, the 
reaction mixture was washed with two portions' of a saturated so
dium carbonate solution and dried (MgS04). Rotary evaporation 
of the solvent yielded an oil which solidified upon cooling to 0°. 
This solid was collected, washed with pentane, and recrystallized 
from methylene chloride-Skellysolve B to give 5.0 g (72%) of 2a, 
mp 87.0-88.0° (lit.9 mp 86.6-89.5°).

«,«-Dichloro-4-Methylbenzyl 4-Methylbenzyl Sulfoxide (2b). 
In a fashion similar to the procedure given for the preparation of 
2a, 2.0 g (8.2 mmol) of bis(4-methylbenzyl) sulfide27 was treated 
first with 2.3 g (17.0 mmol) of sulfuryl chloride and then with 1.65 
g (8.1 mmol) of 85% MCPBA. The crude product was recrystal- 
lized from methylene chloride-Skellysolve B to give 1.5 g (56%) of 
the product 2b: mp 106.0-107.0°; nmr 5 2.32 (s, 3 H), 2.42 (s, 3 
H), 3.42 (d, 1 H), 4.10 (d, 1 H, J  = 13 Hz), 7.0-7.7 (m, 8 H); ir 
1086 cm -1 (SO).

Anal. Calcd for C16Hi6C12OS: C, 58.71; H, 4.95. Found: C, 
58.52; H, 4.98.

4-ChlorobenzyI a,«-4-TrichIorobenzyl Sulfoxide (2c). In a 
fashion similar to the procedure given for the preparation of 2a,
5.0 g (18 mmol) of bis(4-chlorobenzyl) sulfide27 was treated first 
with 4.9 g (36 mmol) of sulfuryl chloride and then with 3.6 g (18 
mmol) of 85% MCPBA. The crude product was recrystallized

from methylene chloride-Skellysolve B to give 4.1 g (63%) of 2c: 
mp 106.5-107.0°; nmr i  3.42 (d, 1 H), 4.16 (d, 1 H, J  = 13 Hz),
7.1-7.9 (m, 8 H); ir 1087 cm -1 (SO).

Anal. Calcd for CwHioCUOS: C, 45.68; H, 2.74. Found: C, 
45.41; H, 2.70.

a,«-Dichloro-4-nitrobenzyl 4-Nitrobenzyl Sulfoxide (2d).
Bis(4-nitrobenzyl) sulfide27 (2.00 g, 6.6 mmol) was dissolved in 50 
ml of dry methylene chloride. To this solution was added, drop- 
wise, over a 30-min period, 1.84 g (13.6 mmol) of sulfuryl chloride 
in 8 ml of dry methylene chloride. Four hours later, the solvent 
was removed by rotary evaporation. To the resulting oil were 
added 20 ml of dry methylene chloride and, in increments, 1.34 g 
(6.6 mmol) of 85% MCPBA. Five minutes later, the reaction mix
ture was washed with two portions of a saturated sodium carbon
ate solution and dried (MgS04). Rotary evaporation of the sol
vent yielded an oil which solidified upon cooling to 0°. This solid 
was collected, washed with pentene, and recrystallized from 
methylene chloride-Skellysolve B. The yield of 2d was 1.75 g 
(68%); mp 123.0-124.0; nmr 5 3.33 (d, 1 H), 4.07 (d, 1 H, J  = 13 
Hz), 6.9-8.0(m, 8 H); ir 1510 (N02) and 1100 c m '1 (SO).

Anal. Calcd for CnHjoCDNaOsS: C, 43.20; H, 2.59. Found: C, 
43.12; H, 2.64.

Treatment of Dibenzyl Sulfoxide with 2 Equiv of Sulfuryl 
Chloride' in the Presence of Pyridine. In 20 ml of dry methylene 
chloride was dissolved 3.0 g (13.0 mmol) of dibenzyl sulfoxide, 
and the solution was cooled to 0°. To this solution were added
4.05 g (51.2 mmol) of pyridine and, over a period of 1 hr, 3.46 g 
(25.6 mmol) of sulfuryl chloride in 8 ml of dry methylene chloride. 
Thirty minutes later, the solution was washed with a dilute hy
drochloric acid solution and a dilute sodium thiosulfate solution 
and dried (MgS04) . The solvent was removed by rotary evapora
tion. The nmr spectrum of the resulting oil contained, in addition 
to the aromatic region (5 7.1-8.2), a singlet at 5 6.6, corresponding 
to benzal chloride, and a multiplet between 5 3,6 and 4.7. The 
range of the latter multiplet ruled out the possibility of the pres
ence of the a,a-dichloro sulfoxide 2a and both of the diastereo- 
mers of the a-chloro sulfoxide 3a and 3b. Tic (50% ether-50% 
Skelly B) showed that five compounds were present. Nothing fur
ther was done with this mixture.

Dibenzyl sulfide (5 g, 23.3 mmol) was dissolved in 20 ml of dry 
carbon tetrachloride. To this solution was added, dropwise, 3.14 g 
(23.3 mmol) of sulfuryl chloride in 8 ml of dry carbon tetrachlo
ride. After 30 min, the carbon tetrachloride was removed by rota
ry evaporation. To the resulting oil were added 25 ml of dry 
methylene chloride and then, in increments, 4.73 g (23.3 mmol) of 
85% MCPBA. Ten minutes later the reaction mixture was washed 
with a saturated sodium carbonate solution and dried (MgS04). 
A solid remained after rotary evaporation of the solvent. This was 
shown by its nmr spectrum to be benzyl a-chlorobenzyl sulfoxide 
(5.3 g, 86%); the two diastereomers 3a and 3b were formed in a 
1:1 ratio. Repeated recrystallization of this mixture from carbon 
tetrachloride-Skellysolve B led to the isolation of the pure dia- 
stereomer 3a, mp 113.0-113.5° (lit.2m mp 112-113°).

The supernatants from the reciystallizations described above 
were combined, and out of the resulting solution was isolated the 
other diasteieomer 3b, which had mp 117.0-118.5° (lit.2-! mp 118.0- 
118.5°).

Reduction of Benzyl « , « -Dichlorobenzyl Sulfoxide (2a) with 
Hexamethylphosphorous Triamide. General Procedure. The
sulfoxide 2a (0.25 g, 0.84 mmol) was dissolved in 4.0 ml of the 
chosen solvent. Reagent-grade solvents were used in every case. 
The following solvents were further purified: dioxane (distillation 
from sodium), THF (distillation from lithium aluminum hy
dride), DMSO (vacuum distillation from calcium hydride), and 
HMPT (vacuum distillation from calcium hydride). To the solu
tion were added 0.1 g (1.0 mmol) of triethylamine and 0.14 g (0.84 
mmol) of hexamethylphosphorous triamide. After the reaction 
mixture had stirred for 15 min, it was poured into 20 ml of water, 
and the products were extracted with three 15-ml portions of 
ether. The combined ethereal extracts were washed with four
15-ml portions of water and were dried (MgS04); the solvent was 
removed by rotary evaporation. An nmr spectrum was taken of 
the mixture, and the ratio of the area of the peaks caused by the 
methine protons of 3a and 3b was determined. The monochloro 
sulfoxides 3a and 3b were isolated either by crystallization or 
chromatography and identified by melting point, mixture melting 
point, and spectroscopy (ir and nmr).

Salt Effect Study. In these experiments 0.42 g of anhydrous 
lithium perchlorate was added to the reaction mixture, making 
the solution 1M  with respect to the salt.

Temperature Study. The above procedure was followed except
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that the reaction mixture was held at the specified temperature 
(45 or 65°) for the 15-min reaction period.

Test for Epimerization of Benzyl o-Chlorobenzyl Sulfoxide 
under Conditions of the Reduction. In 10% Water-90% THF. 
To approximate the reaction conditions as closely as possible, it 
was assumed that a reduction had proceeded to 50% completion 
and that the phosphine and the monochloro sulfoxide were, there
fore, present in equal concentration. To 13.5 ml of THF were 
added 0.40 g of benzyl a-chlorobenzyl sulfoxide (3a), 3b (1.5 
mmol), 0.3 g (3.0 mmol of triethylamine, 1.5 ml (1.5 mmol) of a
1.0 M  hydrochloric acid solution, and 0.24 g (15 mmol) of hexam- 
ethylphosphorous triamide. Portions of 4.5 ml of this solution 
were withdrawn after 15 min, 1 hr, and 3 hr; each aliquot was 
worked up as outlined in the General Procedure above. Initially 
the ratio was 1:>99; i .e ., diastereomer 3b was not detectable. 
This ratio was not observed to change during the 3-hr period.

In 10% Water-90% DMF. The above procedure was repeated 
with DMF substituted for THF. After 15 min, the ratio of 3b to 
3a was 1:94; after 1 hr, the ratio was 1:81; after 3 hr, it was 1:38.

Under these conditions, no reduction of benzyl a-chlorobenzyl 
sulfoxide occurred.

Test for Mass Loss during the Reduction. In 10% Water- 
90% THF. The sulfoxide 2a (0.50 g, 1.68 mmol) was dissolved in
8.0 ml of a 10% water-90% THF solution. To this solution was 
added 0.1 g of acetophenone as an internal standard. Four millili
ters of the solution was withdrawn and worked up as described in 
the General Procedure. A pmr spectrum showed the ratio of the 
area of the peaks caused by the methylene protons of sulfoxide 2a 
to the area of the methyl singlet of acetophenone to be 1.7:1.0. To 
the remaining solution were added 0.1 g (1.0 mmol) of triethyl
amine and 0.14 g (0.84 mmol) of hexamethylphosphorous triamide. 
One hour later, this solution was worked up as usual. The ratio of 
the total area of the peaks caused by the methylene protons of 2a, 
3a, and 3b to the area of the methyl singlet of acetophenone was 
1.5:1.0.

Reduction of Benzyl a,a-Dichlorobenzyl Sulfoxide (2a) with 
Triphenylphosphine. To a solution of 0.5 g (1.68 mmol) of sulfox
ide 2a in 25 ml of methanol was added 0.2 g (2.0 mmol) of trieth
ylamine and 0.52 g (2.0 mmol) of triphenylphosphine. The reac
tion mixture was held at reflux (65°) for 24 hr; at that time tic 
(70% ether-30% Skellysolve B) indicated that all of the starting 
material had been reduced. The reaction mixture was poured into 
20 ml of water, and the products were extracted with two 20-ml 
portions of methylene chloride; the organic portions were dried 
(MgS04), and the solvent was removed by rotary evaporation. An 
nmr spectrum of the resulting oil indicated that the two a-chloro 
sulfoxides 3a and 3b were formed in equal amounts in a clean 
reaction. Under these same conditions, hexamethylphosphorous 
triamide reacted with 2a in less than 1 min to give 3a and 3b in 
the same ratio.

Reduction of 2a with Tri-n-butyltin Hydride. To 0.25 g (0.84 
mmol) of the sulfoxide 2a dissolved in 1.5 ml of THF was added
0.50 g (1.74 mmol) of tri-n-butyltin hydride. Nitrogen was flushed 
through the system, and the temperature of the solution was kept 
between 0 and 25° as the reaction flask was irradiated with uv 
light for 4 hr. Tic (70% ether-30% Skellysolve B) at that time in
dicated that nearly all of the starting material had been reduced. 
The THF was removed by rotary evaporation. An nmr spectrum 
of the resulting solution showed that the diastereomers 3a and 3b 
had been formed in the ratio 3:1. The sulfoxides 3a and 3b were 
isolated by. chromatography (silica gel, 10% ether-Skellysolve B 
eluent) in 70% yield.

Reduction of 2a with Chromous Ion. General Procedure. All
reductions were carried out in a manner analogous to this o n e  ex
ample. To 9 ml of THF in a three-necked flask was added 0.3 ml 
of water. (If a 20% water-80% THF solution were needed, 1.3 ml 
of water would be added to 8 ml of THF. Similar adjustments 
were made for other solvent systems.) In another flask was dis
solved 0.25 g (0.84 mmol) of the sulfoxide 2a in 2 ml of a solution 
of 10% water-90% THF. Nitrogen was bubbled through both solu
tions for 5 min. Into the first solution were injected through a sep
tum 0.7 ml (1.4 mmol) of a 2 M  aqueous solution of chromium(II) 
chloride and then, as rapidly as possible, the sulfoxide solution. 
The reaction mixture was immediately poured into 20 ml of 
water, and the products were extracted with three 15-ml portions 
of ether. The combined ethereal extracts were washed with four
15-ml portions of water and were dried (MgS04). After the sol
vent had been removed by rotary evaporation, an nmr spectrum 
was taken of the crude reaction mixture, and the ratio of the 
areas of the peaks caused by the methine protons of 3a and 3b 
was determined.

Salt Effect Study. The above procedure was followed with the 
following addition. To the chromium(II) chloride solution was 
added 1.06 g of anhydrous lithium perchlorate, and to the sulfox
ide solution was added 0.21 g of anhydrous lithium perchlorate, 
making both solutions 1 M  with respect to the salt. These 
amounts of lithium perchlorate were doubled when a 2 M solution 
was used.

Temperature Study. The above procedure was followed except 
that both solutions were heated to the specified temperature (45 
or 65°) before they were mixed together.

Dilution Study. In this case, the volume of the chromium(II) 
chloride solution was increased to 60 ml. The sulfoxide was dis
solved in 2 ml of the solvent as before.

Reduction of Benzyl a-Chlorobenzyl Sulfoxide (3) with 
Chromium(II) Chloride. As described in the General Procedure 
above, 0.28 g (1.1 mmol) of a mixture of the diastereomers 3a and 
3b was treated with 0.4 mmol of chromium(II) chloride. The ini
tial ratio of the two isomers was 0.83:1.0. After the reduction, the 
a-chloro sulfoxides which remained (3a and 3b) were in the ratio 
of 1.0:1.0.

Treatment of 2a with Potassium Thiophenoxide. To 0.25 g 
(0.84 mmol) of sulfoxide 2a dissolved in 15 ml of absolute ethanol 
was added 0.25 g (1.68 mmol) of potassium thiophenoxide. The 
reaction mixture was heated to 60° for 2 hr. It was then poured 
into 20 ml of water, and the product was extracted with three
15-ml portions of ether. The combined ethereal extracts were 
washed with water and dried (MgS04). The solvent was removed 
by rotary evaporation. A pmr spectrum of the crude product 
showed that a considerable amount of starting material was pres
ent; no peaks occurred between i  5 and 6, indicating that none of 
the reduced compound 3 had been formed. (Compounds 3a and 
3b were stable under these conditions.) Similar results were ob
tained in 90% aqueous DMF solvent at 25°.

Registry N o—la, 538-74-9; lb, 13250-88-9; lc, 23566-23-6; Id, 
1835-71-8; 2a, 30505-98-7; 2b, 50323-83-6; 2c, 50323-84-7; 2d, 
50323-85-8; dibenzyl sulfoxide, 621-08-9.
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Tris(dimethylamino)phosphine (4a) desulfurizes /8-keto sulfides to afford a variety of products including ke
tones and enol ethers. The mechanism probably involves a phosphonium salt. Benzyl thiocyanate was readily 
desulfurized by 4a in a complex reaction to afford benzyl cyanide and dibenzyl sulfide as the main products.

The Teaction of trivalent phosphorus compounds with a 
wide variety of sulfur-containing molecules has received 
considerable attention in recent years, particularly as a 
technique for modifying the substrate by extrusion of the 
divalent sulfur atom .2 While simple sulfides are inert to 
phosphines and phosphites, activated sulfides of type 1 
are desulfurized in the presence of triphenylphosphine 
and base.3 The reaction is widely applicable to the prepa
ration o f secondary vinylogous amides or enolizable /3-di
ketones 3. It has been suggested that 1 is first converted to 
an episulfide 2  which is then desulfurized.4

O

1, X = 0 ,N - 2 3
Related work has shown that tris(dialkylamino)phos- 

phines (4) are particularly useful reagents for smoothly 
extruding sulfur from a variety of molecules. These in
clude disulfides,2 thiosulfonates (R S S0 2R ) ,5 sulfenyl thio- 
sulfonates (RSSS0 2 R ),5b thiosulfinate esters [R S (= 0 )-  
SR] ,6 trisulfides,7 sulfenimides [R S N (C (= 0 )R )2 ],8 and 
sulfenate esters (RSOR ) .9

(RNRP 
4a, R =CH3 

b, R = CH,CH3

The desulfurization reactions are in some cases known 
to be two-step processes2 as shown below.

RSXR' +  R S P ^  ^  RXR' +  S = P ^

'XR '
Reactions o f /3-Keto Sulfides. If the above pathway 

could be used to generate carbanions which fulfilled the 
dual role of leaving group and nucleophile, a new proce
dure for carbon-carbon bond formation would be avail
able. Accordingly, a number of /3-keto sulfides were pre
pared and their reaction with tris(dimethylamino)phos- 
phine (4a) was examined. Previous work2 ’5- 9 suggested 
that the proposed reaction would probably involve a phos
phonium salt intermediate 5.15a_c

O R»
Il I

R — C— C R4SP[N(CH3)2]3 

Rz
5

To facilitate displacement of the carbanion of 5, a phe
nyl group was used at R2. It appeared that a benzyl moi
ety at R4 might encourage easy displacement of tris(di- 
methylamino)phosphine sulfide (6 ). a-Benzoyl-a-phenyl- 
methyl benzyl sulfide (7a) 10 reacts extremely slowly with 
phosphine 4a (in a variety of solvents), giving deoxyben- 
zoin (C6H5COCH2C6H 5, 9) as the principal product.

When the reaction was carried out in the absence of sol
vent, the starting materials were consumed in less than 1  
hr to give three products as analyzed by quantitative vpc:
l-benzoyl-l,2-diphenylethane (8a, 69%), deoxybenzoin (9, 
2 2 %), and tris(dimethylamino)phosphine sulfide (6 , 8 6%). 
8a was subsequently isolated in 43% yield.

C A
7a, R = H 
b, R = D

C Ä
8a, R — H

C A

O
Jk^CeHs + [(CH3)2N]3P = S  

6

b, R = D
It appears that 5 (Ri = R2 = CeHs; R4 = C6H5CH2 ; 

R 3 =  H) is formed, but that the anion is partially diverted 
by proton abstraction to give deoxybenzoin (9). The pro
ton attached to the a  carbon atom in 7a is likely to be the 
one abstracted. This was confirmed by isolation of 
PhCOCD2Ph after the reaction of keto sulfide 7b with 
aminophosphine.

To determine whether alkylative coupling could occur 
for a /?-keto sulfide that did not have a benzyl group as 
the second substituent on the sulfur atom, a-benzoyl-a-



648 J. Org. Chem., Voi 39, No. 5, 1974 Harpp and Vines

Table IReaction of Tris (dimethylamino) phosphine with /3-Keto Sulfides
oLdituî  material

o
II o o

--- mCCHRjSCHJSa------- -------- \ 11 II Ì(CH>)2N]aP=S
Compd Ki Rj Ra RjCCHRjCHjRj CbHìCCHi.Rj (6) Other

7a CfiHs c 6h 5 C6H 6 69» (43)6 22» (12)b 86»10 c 6h 5 Cells c h 3 31» 9» 67» 13, 14»12, 28»
15 c 6h 6 H c 6h 5 5» 30» 47» (C6H 5CH2)2S, 50»

“ Crude yield (estimated by isolation of product and/or quantitative vpc and nmr of impure fractions) . b Isolated pure.'  Per 
cent o f vpc integral trace.

Scheme I
0

c6H; 15

CeH.
c6h5

C6HA S-P[N (CH 3)21,
17

20

C6H A  S CbH5 +  6 

19 o

15 c6h5- ^ / v " C6H5 + 6
16

0

+ C6HA ĈH
0

A .

18

A.c& r  ■ +  Q H
;H5

phenylmethyl ethyl sulfide (10) was prepared10 and treat
ed with aminophosphine 4a. Although 1-benzoyl-l-phe- 
nylpropane (11) was formed in reasonable yield (Table I), it 
proved difficult to isolate, as it and deoxybenzoin (9) be
have in a very similar manner on column, thin layer, and 
gas chromatography. A third unidentified material 12 also 
had very similar chromatographic properties. The fourth 
product, irons-l-ethoxy-l,2-diphenylethene (13), gives fur
ther credence to the carbanion mechanism.11

0

CAI H [(CH3)2n i ,p s ^ \

c6h5
10

C(,H;
CJls

11

14

/  \
+ ,  +  6

w  c6h=,
13

In an attempt to simplify the mixture of products 
formed in the desulfurization of 10, effects of solvent on 
the reaction were considered. It has been reported12 that 
C-alkylation of ketonic anions is promoted by the use of 
hydroxylic solvents (such as water, polyfluorinated alco
hols, or phenols). It is unlikely that the proportion of ke
tone 11 could be increased by the use of such solvents, as 
the anion of 14 would become irreversibly protonated, giv
ing deoxybenzoin as the major product. Polar aprotic sol
vents, such as N, Adimethylformamide or dimethyl sulf
oxide, have a tendency to increase the proportion o f O- 
alkylation.12 Finally, use of volatile aprotic solvents such 
as benzene or 1,4-dioxane gives slow desulfurization to 
form a product mixture very similar to that obtained by 
treatment of /3-keto sulfide 10 with neat aminophosphine.

It was found that temperature has little effect on prod
uct distribution; the major effect is on reaction rate. This 
observation suggests that the rate-determining step is the 
attack of phosphorus on sulfur to give 14, or (less likely) 
that this step is fast and that the subsequent reactions of 
this intermediate all have similar thermodynamic param
eters.

To test whether the a-phenyl group is required for 
desulfurization to occur, a-benzoylmethyl benzyl sulfide
(15) was prepared13 and treated with aminophosphine 4a 
(Scheme I) to give benzyl sulfide (50%) as the only prod
uct isolable from the reaction. The reaction was slower 
than for the previous keto sulfides; starting material (2%) 
was present even after heating for 3 hr at 150°. Acetophe
none (30%) was the other major product; only a small 
amount of l-benzoyl-2-phenylethane (16, 5%) was pro
duced.

The observed products (6, 16, and 19) can be rational
ized (Scheme I) in a similar fashion as in the reaction of 7 
and 10 with phosphine 4a. This would yield 17, the anion 
o f which would not in this case be expected to attack 
starting material displacing benzyl mercaptide ion, since 
the more stable deoxybenzoin anion formed from 7a and 
10 does not undergo such an intermoleeular reaction. K e
tone 20 in fact is not observed in the reaction mixture.14

A plausible source of benzyl mercaptide ion involves an 
Sn2 process (Scheme II) analogous to that proposed for 
some reactions of trialkyl phosphites with aromatic thio
cyanates.15c’d If this type of mechanism were in operation, 
mercaptide ion formation should be encouraged by the use 
of a d-keto sulfide containing an a-phenyl moiety. Also, if 
an ion pair such as 17 were formed, its fate should be simi
lar to that o f the corresponding ion pairs invoked as inter
mediates in the desulfurization of the a-phenyl-/i-keto sul
fides 7 and 10. Finally, if phosphorus were attacking car
bon, a low yield of phosphine sulfide 6 would be expected; 
this was, in fact, observed.
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Table IIReaction of Aminophosphines with RSXR
PKa Of pifa of

Table IIIReaction of Benzyl Thiocyanate with Aminophosphine 4a
X RXH X RXH <---------- -Products, % b-

-S 0 2- “ ’6
o
II

25 -S -» 10 2 Solvent Time,0 min
(CsHi-
CHîJîS

Cetig- 
CH2CN

[(CH,V
N]sP=S

None 40 45 9 32
>26 - 0 - “ 17» Acetonitrile 40 42 17 30

o Dichloromethane 30 25 22 38
II p-Dioxane 60 25 11 41

-S S -“ 87 -C H 2C-5.« 19 Benzene“ 130 21 6 28
-N H C O -“ 98 -CEhCCh-4 23 ° Time for the reaction mixture to attain constant com-

“ Smooth desulfurization to give R X R  in good yield. 
6 I f  X  can provide an ambident anion (e.g., -S 0 2 ), more 
than one product may be formed. '  Some desulfurization, 
competition from side reactions. ‘‘ No reaction.

Scheme II

C6H( S ^ CÆ 4a
C Ä

0 0  

+<  A
15 21

QH;

yj

+  C e H ^ r

c6h5-

4a I
J6H6 +  6

position (vpc). b Determined by quantitative vpc. “ Reflux.

Desulfurization accompanied by rearrangement was obser
ved.1511 Sheppard obtained evidence that the rearrange
ment occurs through an ionic pathway and proposed the 
following mechanism.155

(RO)3P +  R'SCN (RO)2PSR' + RCN

( o — R“ CN
^  K J

Pilgram and Phillips, in a detailed study of the reaction 
of a number of aryl thiocyanates with trimethyl phosphite, 
found that another reaction path is possible.150 Instead of 
preferentially attacking sulfur to form intermediate 23, 
phosphorus can attack the carbon atom of the thiocyanate 
group, displacing a mercaptide ion to give intermediate
24.

A direct substitution reaction such as that invoked in 
the thiocyanate-phosphine reaction would be encouraged 
by the reduction in crowding at the a  carbon atom pro
duced by removal of the phenyl group. Removal of this 
group would also increase the activation energy for the at
tack of phosphorus on sulfur to displace the carbanion of 
17, which is less stable than the anion formed from 7a and
10. This is probably the major factor in changing the di
rection of the reaction. No other compounds could be iso
lated from the reaction mixture because several o f the 
products had similar chromatographic properties.

The reaction of S-substituted thioglycollic acid esters 
With aminophosphines was also investigated. Ethyl 4-phe- 
nyl-3-thiabutanoate (22)16 gave no reaction with neat tris- 
(dimethylamino)phosphine (4a), even when a mixture of 
the two compounds was maintained at high temperature 
for extended periods of time. The lack of reactivity of the 
ester can be rationalized by the relatively high p K a asso
ciated with _ :CH2C02Et (pKa = 24),17 which must be 
displaced by phosphine for desulfurization to occur. The 
anion of 17 is more stable (pK a =  19),17 and is hence a 
better leaving group than the anion that must form from
22. A nucleophilic substitution reaction involving attack 
of phosphine on the carbon atom a to the carbonyl group 
would be much slower for the ester than for the ketone.18 
Thus, the limit of the reaction of aminophosphines with 
sulfur-containing molecules emerges (Table II). Amino
phosphines will not displace groups with a pX a 2: 20. 
Where the pK a is near 20, higher temperatures and neat 
reactants are usually required to effect displacement.

R eaction o f Thiocyanates. Cyanide ion is similar to 
sulfide ion in that it is a good leaving group and nucleo
phile. It was thus felt that thiocyanates might be convert
ed readily to nitriles on treatment with an aminophos
phine. Early reports exist in the literature for the desulfu
rization of thiocyanates20 and isothiocyanates21 on treat
ment with trialkylphosphines, although few experimental 
data were given. More recently, the reactions of thiocy
anates with trialkyl phosphites have been studied.15

-ArSCN +  (CH30)3P-

[ArSP(OCH3)f:CN]
23

0  I
II

ArP(OCH3)2 +  CH3CN

[ArS~(CH30)3PCN]
24

ArSCH3 + (CH30)2PCN
Treatment o f benzyl thiocyanate (25) with tris(di- 

methylamino)phosphine gave an immediate exothermic 
reaction that produced a deep red color, even at room 
temperature. Vapor phase chromatography indicated that 
the reaction mixture was extremely complex (at least ten 
products). Preparative thin layer chromatography yielded 
only benzyl sulfide (26) and tris(dimethylamino)phos- 
phine sulfide (6) as isolable materials. A large quantity of 
brown oil ’ was obtained which contained many compo
nents. Vapor phase chromatography showed that benzyl 
cyanide was one of the major products.

The reaction was repeated in a variety of solvents. The 
yields of the major constituents of the mixture are shown 
below (Table III). The rate of formation of the red color 
increased with the polarity of the solvent.

If the appearance of the red color is indicative of the 
rates of the major reaction pathways, then it would seem 
that the mechanism is ionic. A plausible pathway is out
lined below.

C6H5CH2SCN — ► C6H5CH2SP[N(CH3)3] -------1
25 TCN +

|2s C6H5CH2CN +  6

c6h6ch2s-  +  (CN)2

(C2H5CH2)2S +  “ SCN X  CN +  (C2H5CH2S)2 
26

Benzyl cyanide could be formed by attack of amino
phosphine on the sulfur atom, followed by attack of the 
displaced cyanide ion on the intermediate phosphonium



650 J. Org. Chem., Vol. 39, No. 5, 1974 Harpp and Vines

ion, in accord with the mechanisms of the other desulfuri
zation reactions discussed. Attack of cyanide on this phos- 
phonium ion may also give some isocyanide; although vpc 
did not rule out the presence of this compound, none was 
isolated.

If cyanide attacks a second molecule of thiocyanate in
stead of the phosphonium ion, it could displace mercap- 
tide ion. The mercaptide ion could then attack the start
ing material to give either the observed sulfide or benzyl 
disulfide. Again, vpc did not rule out the presence of di
sulfide, but it was not isolated from the reaction mixture; 
if formed, it would be desulfurized by aminophosphine to 
give benzyl sulfide.2

Attack by 4a on the carbon atom of the thiocyano group 
is also possible.150 Such an attack would lead to displace
ment of mercaptide ion, which could react with 25 to give 
benzyl sulfide.

Experimental Section22
Action of Tris(dimethylamino)phosphine on /3-Keto Sulfides. 

a-Benzoyl-a-phenylmethyl Benzyl Sulfide. A. In the Presence 
of a Solvent. Refluxing a solution of a-benzoyl-a-phenylmethyl 
benzyl sulfide (7a, 0.318 g, 1.0 mmol) and tris(dimethylamino)- 
phosphine (4a, 0.16 g, 1.0 mmol) in benzene or 1,4-dioxane (1 
ml) for 8 hr gave small amounts of deoxybenzoin (9) as the major 
product (qualitative vpc). A similar result was obtained using di- 
chloromethane as solvent, either stirring for 24 hr at room tem
perature or refluxing for 12 hr.

B. Without Solvent. a-Benzoyl-a-phenylmethyl benzyl sulfide 
(7a, 1.00 g, 3.2 mmol) and tris(dimethylamino)phosphine (4a, 
0.510 g, 3.2 mmol) were heated on an oil bath at 120°. After 30 
min all starting material had been consumed (vpc). The mixture 
was then chromatographed on silica gel (60-100 mesh) using hex
ane (100 ml), hexane-dichloromethane mixtures (9:1, 100 ml; 4:1, 
100 ml; 3:2, 500 ml; 1:1, 500 ml) and dichloromethane (100 ml) as 
eluents. The fractions collected were monitored by vpc. Separa
tions were not completely efficient; combination of the first el
uents and crystallization from ethanol gave 1-benzoyl-1,2-diphen- 
ylethane (8a, 0.39 g, 43%) as colorless needles, mp and mmp 
119-120° (lit.23 mp 120-121°). It was identical in all respects 
(vpc, tic, ir, nmr) with an authentic sample. A later fraction 
was crystallized from aqueous ethanol to afford deoxybenzoin 
(9, 0.075 g, 12%), mp and mmp 55-56°, identical in all respects 
with an authentic sample.

a-Benzoyl-a-deuteriomethyl Benzyl Sulfide (7b). /3-Keto sul
fide 7a (2.0 g) was crystallized from deuterioethanol (EtOD) to 
which a small piece of sodium had been added. The product was 
dissolved in carbon tetrachloride (10 ml); the resultant solution 
was filtered and evaporated to give, after crystallization (EtOH), 
the title compound 7b (1.4 g, 70%) as colorless needles, mp 73-74°, 
and no detectable absorption in the nmr spectrum at b 4.72, 
suggesting quantitative deuteration at the a position.

A portion of this material (0.79 g, 2.5 mmol) was mixed with 
tris(dimethylamino)phosphine (4a, 0.456 g, 2.8 mmol) and heated 
on an oil bath at 150° for 1 hr. The resulting mixture was chroma
tographed to give (a) l-benzoyl-l-deuterio-l,2-diphenylethane 
(8b, 0.389 g, 55%), mp 121-123° after crystallization (ethanol) 
(mmp with nondeuterated material 121-122°, identical with 8a by 
tic and vpc); (b) C6H5COCD2C6H5 (9, 0.045 g, 9%), mp 47-51°, 
pure by tic (CCU) and vpc, containing 80% deuterium at the ben- 
zylic position (nmr, CCR); (c) a mixture of these two materials 
(0.130 g, tic, vpc); and (d) tris(dimethylamino)phosphine sulfide 
(6, 0,340 g, 81%), identified by vpc and nmr.

a-Benzoyl-a-phenylmethyl Ethyl Sulfide. a-Benzoyl-a-phe- 
nylmethyl ethyl sulfide (10, 0.128 g, 0.5 mmol) and tris(dimethyl- 
amino)phosphine (4a) were mixed and heated on an oil bath for 
various time intervals and temperature conditions. Above 120° 
using varying molar amounts of phosphine (consumed in ~10 
min) virtually constant yields of 9, 11, 12, and 13 were obtained.

The reaction was also examined using benzene, 1,4-dioxane, 
and N , N-dimethylformamide as solvents (1 ml) and 1 mmol of 
each of the starting materials. Again, yields were approximately 
constant with each solvent.

Isolation of Products. a-Benzoyl-a-phenylmethyl ethyl sulfide 
(10, 640 mg, 2.5 mmol) and tris(dimethylamino)phosphine (4a, 
450 mg, 2.7 mmol) were heated on an oil bath at 150° for 1 hr. 
The resulting mixture was chromatographed on silica gel (60-100 
mesh, 60 g) using hexane (500 ml) and hexane-dichloromethane

mixtures (9:1, 2 1.; 8:2, 2 1.; 7:3, 1 1.; 6:4, 1 1.; and 5:5, 1 1.) as el
uents. The fractions collected were monitored by vpc. Separations 
were not completely efficient; however, the first fraction, a color
less oil (80 mg), was pure by tic (hexane) and vpc; ¡Wx (liquid 
film) 2978, 1638, 1604, 1689, 1497, 1452, 1120 (v broad), 925, 772, 
and 700 cm^1; nmr gave signals (CCI4) at b 1.8-2.8 (multiplet, 10 
H), 3.8 (singlet, 1 H), 6.1 (quartet, 2 H), and 8.7 (triplet, 3 H); 
mass spectrum showed P+ at 224. This information indicates that 
the material is an enol ether, CeHsCH^CiCsHslOf^Hs. Identifi
cation of a band characteristic of trans alkyl enol ethers in the 
ir25 at 925 cm-1 suggests that this compound is irons-1-ethoxy- 
1,2-diphenylethylene (13, 14%). The second fraction was rechro
matographed to give a sample of 1-benzoyl-l-phenylpropane (11, 
61 mg, 11%) (vpc, tic, nmr); after crystallization (EtOH) mp and 
mmp 49-52° (lit. mp 57°,23c 58°24); a mixture of 11 and 12 (160 
mg) (vpc, tic) was also obtained. Ketone 11 was also present in 
the next two fractions (vpc, tic, nmr). Tris(dimethylamino)phos- 
phine sulfide (6, 327 mg, 67%) was isolated in a further fraction 
(pure by vpc and tic).

a-Benzoylmethyl Benzyl Sulfide. a-Benzoylmethyl benzyl sul
fide (15, 2.42 g, 10 mmol) and tris(dimethylamino)phosphine (4a, 
1.80 g, 11 mmol) were heated on an oil bath at 150° for 3 hr. The 
resulting mixture was chromatographed on silica gel (60-100 
mesh) (250 g) using as solvents hexane (1.5 1.), hexane-dichloro
methane mixtures (1:10, 1 1.; 1:9, 1 1.; 3:17, 1 1.; 1:4, 1 1.; 3:7, 11.; 
2:3, 1 1.; 1:1, 1 1.; 7:3, 1 1.), dichloromethane (1 1.), chloroform (1
1.), ethyl acetate (1 1.), and methanol (1 1.). Efficient separation 
proved impossible; however, dibenzyl sulfide (540 mg, 50%) was 
isolated as yellow prisms, mp and mmp 47-49°, identical in all 
respects (tic in benzene, vpc, ir, nmr) with an authentic sample 
of the sulfide.

Further fractions were obtained containing acetophenone, di
benzyl sulfide, l-benzoyl-2-phenylethane (16),26 starting material, 
and traces of other unidentified materials (vpc, tic in cyclohexane 
or benzene, nmr).

Tris(dimethylamino)phosphine sulfide (6, 911 mg, 47%) was 
isolated in an almost pure state. Large quantities of polar materi
al containing many unidentified components were also obtained.

Benzyl Thiocyanate. Benzyl thiocyanate (0.149 g, 1 mmol) and 
tris(dimethylamino)phosphine (0.163 g, 1 mmol) were mixed. An 
immediate reaction ensued, turning the mixture deep red. Mixing 
these materials in methylene chloride (1 ml) or acetonitrile (1 ml) 
gave a similar result. When benzene (1 ml) was used as solvent 
the reaction was much slower; the mixture turned yellow, orange, 
then red.

The methylene chloride solution obtained in this manner was 
separated into five fractions by preparative tic on silica gel [sol
vents cyclohexane-ethyl acetate (1:1) and then benzene].

Dibenzyl sulfide, identical with an authentic sample (vpc, tic, 
nmr, ir), and tris(dimethylamino)phosphine sulfide (6) (vpc, 
nmr) were isolated.

The other three fractions contained many components that 
were not identified, as thdy proved inseparable.

The reaction was then repeated in a variety of solvents; the 
product mixtures were analyzed for benzyl sulfide, benzyl cya
nide, and 6 by quantitative vpc, using cumene as an internal 
standard. The results of these experiments are summarized in 
Table III.
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Both 1- and 3-homoadamantanol yield homoadamantane, 1- and 2-methyladamantane, and 1-adamantylcar- 
binol in the reactions with 75% sulfuric acid (70°). The mechanism very likely involves formation of the 1- and
3-homoadamantyl cations, followed by hydride transfers and rearrangements of the resulting classical homo- 
adamantyl cations into the corresponding bridged cations. A simple, good-yield preparation of 1-homoadamantan- 
ol is described.

Reactions with sulfuric acid leading to adamantane de
rivatives attracted considerable attention in the last few 
years.1-8 endo-2,6-Trimethylene-exo-2-norbornanol in sul
furic acid was reported to rearrange smoothly into 1-ada- 
mantanol,1 bicyclo[3.3.1]nonane-2,7-diol into 2-oxaada- 
mantane,2 while 3-hydToxymethylbicyclo[3.3.1]nonan-7-ol 
produced a mixture of 2-adamantanol, di(2-adamantyl) eth
er, and adamantane.3 2-Hydroxy-2-methyladamantane in 
98% sulfuric acid gave various mixtures of methyladaman- 
tanones or methyladamantanes and hydroxymethylada- 
mantanes depending on the temperature.4 Synthetically 
useful reactions are also encountered. Treatment of delta- 
cyclane with sulfuric acid gave either 1- or 2-noradaman- 
tanol or noradamantane, depending on conditions.® The 
reaction of adamantane or 1-adamantanol with 96% sulfu
ric acid (80°) resulted in a 50% yield of adamantanone,6a 
providing a very convenient method for the functionaliza
tion of the methylene position of adamantane. Both ada- 
mantanone oxime7 and lactone 4-oxahomoadamantan-5- 
one8 with sulfuric acid were reported to give fair yields of
4-hydroxyadamantan-2-one .9

The reaction of adamantanols with sulfuric acid were 
extensively investigated by Geluk and Schlatmann.6 2- 
Adamantanol was shown to rearrange to 1-adamantanol 
(>98%) at 28° in concentrated sulfuric acid.8®’10 An equi
librium mixture containing small amounts of 2-adamanta- 
nol was rapidly achieved from either direction. However, 
with 70% H2S 0 4 (90°) a mixture of 1,4-adamantanediol, 
adamantane, l-hydroxy-4-adamantanone, and adamanta- 
none was obtained.611 1-Adamantanol, under essentially 
the same conditions, disproportionated into 1,3-adaman- 
tanediol and adamantane.60 The mechanism of these 
reactions appears to involve an intermolecular hydride 
transfer of a bridgehead hydrogen from one molecule of 
the starting alcohol to an adamantyl cation which is gen
erated from another molecule of the alcohol and is trans
formed into adamantane.11

An analogous mechanism would be reasonably expected 
to operate in reactions of homoadamantyl alcohols with 
sulfuric acid. However, the 3- and 4-homoadamantyl cat
ions, if formed, could rearrange into the corresponding 
nonclassical cations, which may lead to adamantane de-
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rivatives. Such cations were reported to be involved as the 
intermediates in the acetolysis of chiral 1-adamantylcar- 
binyl-I'-d  toxylate12 and the AlBr3-catalyzed rearrange
ment o f homoadamantene.13 Consequently, the product 
distribution in the sulfuric acid reaction of homoada- 
mantyl alcohols should depend on the relative rates of the 
disproportionation reactions us. the rearrangements of ho- 
moadama ntyl cations.

We wished to compare the reactions of bridgehead ada- 
mantanol and homoadamantanols with sulfuric acid under 
essentially the same conditions. 3-Homoadamantanol (2) 
can easily be prepared,14 but a convenient synthesis15 of
1-homoadamantanol (1) has not been reported according 
to our knowledge. As the starting material we chose readi
ly available l-hydroxy-4-adamantanone (9).6c Diazo
methane homologation of 9 gave l-hydroxy-4-homoada- 
mantanone (10) in a 69% yield (Scheme I). However, the 
Clemmensen and the Wolff-Kishner reductions failed to 
give 1 in satisfactory yields. 1-Homoadamantanol (1) was 
obtained in a 67% overall yield from 10 by Raney nickel 
desulfurization  o f the corresponding ethylene thioketal
( l l ) -16

Scheme I

1-Homoadamantanol (1) or 3-homoadamantanol (2) was 
stirred vigorously in 75% sulfuric acid at 70° for 3 hr. In 
definite time intervals small samples were taken out from 
the reaction mixture and analyzed by glc. The final prod
uct distributions from 1 and 2 were quite similar (Scheme
II).

Scheme II

5 8 6 40%°
7%b 50%b

a The main products of l.17 » The main products of 2.17 An 
amount of polymer was also formed. The relative amounts of ho- 
moadamantane (3), 2-methyladamantane (4), and 1-methylada- 
mantane (5) were found to increase with time at the expense of 
1-adamantylcarbinol (6).

The methyladamantanes (4 and 5) were identified by 
glc using the internal standards; homoadamantane (3)

and 1-adamantylcarbinol (6) were isolated by preparative 
glc and identified by comparison of their 4H nmr, ir, and 
mass spectra with those of the authentic samples. H o
moadamantane (3) and the methyladamantanes (4 and 5) 
were proved to be stable under the above conditions. 1- 
Adamantylcarbinol (6) was found to be the only alcohol 
present in both reaction mixtures on quenching the reac
tion after 10 min. Upon treatment o f 6 with H2S 0 4 under 
the same conditions as used for 1 and 2 the following final 
product distribution was obtained: 3, 23%; 4, 3%; 5, 8%; 
and unreacted 6, 45%.17

Isomerization o f 1 and 2 into 6 is not surprising. The 
homoadamantyl skeleton is known to be about 10 kcal/ 
mol more strained than the adamantyl skeleton18 and, 
therefore, 6 should be thermodynamically more stable 
than 1 and 2. This is in accord with complete isomeriza
tion of 3-homoadamantyl acetate into 1-adamantylcarbin- 
yl acetate in acetic acid containing p-toluenesulfonic 
acid.14 However, under kinetically controlled conditions 
homoadamantyl products may be favored. Hydrolysis of
1-adamantylcarbinyl tosylate in aqueous diglyme in the 
presence o f sodium carbonate produced virtually quanti
tatively 3-homoadamantanol.14 The mechanism o f the 
isomerization of 1 and 2 into 6 very likely involves the ini
tial formation o f the 1- and 3-homoadamantyl cations 
(Scheme III), This is probably followed by hydride transfers 
resulting in the isomerization of the 1 and 3 cations into 
each other and into the 2-, 4-, and 9-homoadamantyl cat
ions. The 1,2-intramolecular hydride transfers are highly 
improbable to occur on the homoadamantyl skeleton.19 
As in the case of the adamantyl nucleus20 the relationship 
between the vacant p orbital and the migrating hydride is 
very unfavorable.

Total amounts o f the hydrocarbons 3-5 are quite high 
regardless of the starting alcohol. Homoadamantane (3) 
can be formed from any homoadamantyl cation by a hy
drogen abstraction from the products, polymer, or the 
starting alcohol. 1-Adamantylcarbinol (6), 1-methylada- 
mantane (5), and 2-methyladamantane (4) could be formed 
either from the bridged homoadamantyl cations12-14 8 and
7 or from the primary 1- and 2-adamantylcarbinyl cations. 
Since simple primary carbonium ions appear to be ener
getically inaccessible under usual reaction conditions,12-21 
we suggest the nonclassical homoadamantyl cations 7 and
8 as the more plausible intermediates (Scheme III).22

Under essentially the same conditions 1- and 2-adaman-
tanol are known to disproportionate quite easily.63 How
ever, 1- and 3-homoadamantanol produced neither ho- 
moadamantanediols nor homoadamantanones in apprecia
ble quantities. Therefore, the isomerization of the ho
moadamantyl cations leading to the adamantyl deriva
tives seems either to be considerably faster than the dis
proportionation reactions or the disproportionation prod
ucts are highly unstable. These products, if formed, would 
generate again the homoadamantyl cations. The bridged
3- and 4-homoadamantyl cations appear to be favored 
over the corresponding classical cations under the used 
reaction conditions. However, the 3-homoadamantyl cat
ion obtained in superacid solutions at -78 ° is stable and 
does not rearrange.23 Both 1H and 13C nmr spectroscopic 
studies indicate the classical nature of this cation. There
fore, the equilibrium between the classical and the non- 
classical 3-homoadamantyl cation should depend strongly 
upon the reaction conditions. A similar dependence would 
be expected for the 4-homoadamantyl cation.

Experimental Section
Melting points were determined in sealed capillary tubes using 

a Thiele apparatus. Infrared spectra were recorded on a Perkin-
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Scheme III

Elmer M-257 spectrophotometer, 1H nmr spectra on a Varian 
A-60A spectrometer, and mass spectra on a Varian CH-7 mass 
spectrometer. Purity of compounds was controlled by a Varian 
Aerograph M-1800 gas chromatograph.

Authentic samples of 1-methyladamantane,248 2-methylada- 
mantane,246 3-homoadamantanol, 14 and 1-adamantylcarbinol14 
were prepared according to the published procedures. Homoada- 
mantane was obtained by catalytic reduction of homoadaman- 
tene.13

l-Hydroxy-4-homoadamantanone (10).25 To a stirred mix
ture of l-hydroxy-4-adamantanone6c (16.6 g, 0.1 mol), KOH (60.0 
g, 1.07 mol), water (25 ml), and CH3OH (150 ml), a solution of 
“Diazald” (45.0 g, 0.21 mol) in CH3OH (360 ml) was added drop- 
wise at 0° over a period of 4.5 hr. Stirring was continued over
night at room temperature. The resulting white-gray suspension 
was evaporated to dryness in vacuo, ether (350 ml) and water 
(250 ml) were added, the layers were separated, and the aqueous 
one was extracted with ether (7 X 100 ml). Combined ether ex
tracts were dried over MgSCU. The solvent was evaporated to 
yield 12.4 g (68%) of 10 (>96% pure by glc): mp 263-265°; ir 
(KBr) 3400, 2920, 1690 cm 4; mass spectrum m/e (rel intensity) 
180 (M+, 52), 162 (25), 95 (100); tosylhydrazone, mp 156-158°; ir 
(KBr) 3420, 3230, 2910,1330,1170 cm -1.

l-Hydroxy-4-homoadamantanone Ethylene Thioketal ( l l ) .26 
To a solution of 10 (3.6 g, 0.02 mol) in ethanedithiol (3 ml) stirred 
at 0° was added boron trifluoride etherate (1.5 ml). The reaction 
flask was immediately taken out from the cooling bath and left to 
stand for about 10  min at room temperature with occasional 
shaking. Methanol (2-3 ml) was added and the reaction mixture 
was left overnight in a refrigerator. The precipitate was filtered 
by suction, washed with cold CH3OH, and dried: yield 3.9 g 
(78%); mp 105-107° (recrystallized from CH3OH); ir (KBr) 3260, 
2920, 1445, 1095, 1040 cm-1 ; mass spectrum m/e (rel intensity) 
256 (M+, 100), 196 (77), 105 (43), 95 (43).

1-Homoadamantanol (1). To a solution of 11 (2.7 g, 0.01 mol) 
in absolute ethanol (60 ml) was added 24 g of Raney nickel (W-2). 
The mixture was stirred and refluxed for 18 hr. Separated nickel 
was filtered off and washed with absolute ethanol. The filtrate 
was concentrated to a small volume, diluted with water (300 ml), 
and extracted with ether (4 X 80 ml). The extracts were dried 
and the solvent was evaporated to yield 1.5 g (86%) of 1-ho- 
moadamantanol (>98% pure by glc): mp 266-268° (lit.15 mp 
269-270°); ir (KBr) 3300, 2920, 1450, 1080, 1040, 880 cm -1; mass 
spectrum m/e (rel intensity) 166 (M+, 33), 95 (100).

Reaction of 1- and 3-Homoadamantanol and 1-Adamantyl- 
carbinol with 75% Sulfuric Acid. General Procedure. A solution 
of the corresponding alcohol in 75% H2SO4 (0.332 g, 0.002 mol in
2.4 ml) was stirred vigorously at 70° for 3 hr. The reaction mix

ture was shaken occasionally to introduce sublimed hydrocarbons 
into the solution. In definite time intervals small samples of the 
reaction mixture were taken out, poured onto plenty of crushed 
ice, and extracted with ether. The extracts were dried over anhy
drous K2CO3 and analyzed by glc (SE-30, 90°). After 3 hr the re
maining reaction mixture was worked up as described above. The 
solvent was evaporated to give 0.169 g of the crude product mix
ture. The main products (3 and 6) were isolated by preparative 
glc (SE-30, 135°) and identified by comparison  ̂of their 1H nmr, 
ir, and mass spectra with those of authentic samples. The methyl- 
adamantanes (4 and 5) were identified by glc (SE-30, 90° and 
FFAP, 100°) using the internal standards. Ir spectra of the crude 
product mixture showed a very weak absorption corresponding to 
a carbonyl group (~1700 cm-1); glc analyses indicated no pres
ence of a diol.

A sample of 3, 4, and 5 was treated with 75% H2SO4 under the 
same conditions as used in the reactions of 1 and 2. The glc anal
yses indicated no reaction.
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Synthesis of Unsaturated Azlactones from iV-Acylamino Acids
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P h e n y la la n in e , tyrosine, v a lin e , leucine, and isoleucine have been converted to th e ir lV -(a :-m e th ylc in n am o yl) 
d erivatives (8). A zla cto n izatio n  followed b y brom ine o xidatio n  gave the corresponding unsaturated azlactones 
(7). T h e  configuration about the new ly form ed double bond was established b y n m r correlations, the Z configu
ration  being predo m inant. T h e  m echanism  of the double dehydro brom ination  steps is d iscussed.

The Bergmann reaction, 1 in which an iV-(a-haloacyl)- 
amino acid ( 1 ) is converted by an acetic anhydride-pyri
dine mixture into a pseudo-azlactone (3), has been known 
for many years. Several workers2 have shown that an 
equilibrium between 3 and the “ unsaturated”  azlactone 4 
can be established and that the position o f this equilibri-

X

I
NHCOCHRj

R,CH2CHCOOH 
1 2

R.CHX 

N ^O  

R.CH, 0

readily obtained by bromination of commercially available 
tiglic acid and we envisioned a necessity for the a-methyl 
group (R 3 = CH3 ) to prevent a possible dehydrobromina
tion of the 2 -dibromoalkyl group in 6 since this would, of 
course, disallow the formation of 7. A 93% yield5 of crys-

B r B r

I I
NHCOC— CHR4
I I

R3
RjCHCHCOOH

5

B r B r

R .O — C H R ,

Lhr ' 0

RA C H  0
CHR,

A
M 0

R,€H2 0 R.CH

CH2R2

N ^O
A A , ,

um is determined by the structures of R3 and R 2 and the 
conditions20-3 under which the reaction is carried out. Our 
recent communication4 outlined a procedure making use 
of an extension of the Bergmann reaction to produce 
“ dehydro”  amino acid derivatives without the necessity 
for equilibration. Treatment of an Ar-n,/3-dibromoacylami- 
no acid (5) in acetic anhydride at room temperature gave, 
presumably, the saturated azlactone 6 which was doubly 
dehydrobrominated upon the addition of pyridine to give 
the unsaturated azlactone 7. It is the purpose of this 
paper to describe this work more completely.

Our initial experiments were carried out on the AT-(d l - 
erythro-2,3-dibromo-2-methylbutanoyl)-L-phenylalanine 
(5a), which was prepared by a Schotten-Baumann acyla
tion of L-phenylalanine with the dibromoacyl chloride. 
The derivative, 5a, was, surprisingly, a sharply melting 
crystalline solid, even though it was necessarily a mixture 
of diastereomers. We chose this acyl group because it was

6

R,
7

R. % r 3 r 4

a c * H ch3 ch3
b c6H5 H ch3 c6h5
c P -A cO C 6H 4 H ch3 c6h5
d ch3 ch3 ch3 c6h5
e ch3 ch3ch2 ch3 Q H 5

f (CH3)2CH H ch3 c6h5
g c6h5 H H c6h5
h ch3 ch3 H c6h5

talline 7a was isolated when 5a was dissolved in acetic an
hydride and treated with somewhat more than 2  molar 
equiv of pyridine. In order to confirm the structure of 7a, 
it was prepared by Erlenmeyer6 condensation of benzalde-
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Table IiV-Acylamino Acids“

NHCO H
I

RCHCHCOOH

R2
8

Compd Mp, °C Yield,6 %  S o lv en t fo r c ry s tn
8b 154.5-156 90 M e0H -H 20  (1:1)8c 162-164 72 MEK-petroleum 

ether (5 :1 .5)8f 115-116 8 7 EtOAc8d 136-137.5 7 8 C H C h - petroleum 
ether (1 : 1 )8e 95-99 59“ EtOAc-petroleum 
ether (1 : 1 )8gc 198-199.5 75 MeOH-IUO (1:1)8h“ 187-188 77 EtOAc

drocinnamoyl function (R 3 = C H 3; R4 = Ph). Bromina- 
tion of (E)-a-methylcinnamic acid7 gave the dibromo 
acid8 which, after conversion to its acid chloride, was cou
pled with DL-phenylalanine giving 5b. Treatment of 5b 
with the acetic-pyridine a reagent at room temperature 
gave the azlactone 7b in 44% yield. Erlenmeyer synthesis 
of 7b in 30% yield from iV-((E)-a-methylcinnamoyl)gly- 
cine confirmed the structure of 7b and again showed that 
the configurations of both double bonds in the products of 
these two completely different types of reactions were 
identical. When the dibromo compound 5b was also treat
ed with A, A'-dicyclohexylcarbodiimide, a solution of the 
intermediate saturated azlactone 6b (0 = 0  absorption, 
1830 cm -1 ) was obtained which afforded 7b in 62% yield 
when treated with pyridine. This confirmed the formation 
of 6b and its base-catalyzed dehydrobromination to 7b.

An important simplification of the oxidation procedure 
was discovered when it was found that a solution of N -  
((E)-a-methylcinnamoyl)-DL-phenylalanine (8b) in acetic

Rj
“ Satisfactory analytical data (± 0 .4 %  for C, H, N) 

were reported for all new compounds listed in the table. 
6 Yield of recrystallized product.c E. Ronwin, J . Org. Chem.., 18, 1546 (1953). “ Prepared by Mr. Edward Breitholle.

NHCOC=CHR4
I

RCHCHCOOH

hyde with A -tigloylglycine in 26% yield. The identity o f 
these two structures not only established the gross struc
ture of 7a but gave some insight into its configuration and 
mechanism of form ation in our reaction. T he fact that the 
configuration o f  the cis-2-butenyl group at the 2 position 
o f  the azlactone ring was identical in both products indi
cates that the halogen atoms were elim inated from 6a in 
the same trans manner as they were added to the tiglic 
acid moiety.

W hen the same sequence o f reactions was carried out 
using DL-leucine, an amorphous unsaturated azlactone 
was formed. Since we were interested in developing a gen
eral method o f dehydro amino acid synthesis which would 
proceed through crystalline intermediates, we changed the 
acyl group in 5 to the e o ,thro-DL-a-methyl-2,3-dibromohy-

R
8

anhydride could be brominated with pyridine perbromide 
hydrobromide followed by pyridine dehydrobromination to 
give 7b in 62% yield. This procedure removed the necessi
ty to prepare the dihaloacylamino acids (5) and allowed 
the unsaturated azlactones to be synthesized directly from 
the easily prepared a-methylcinnamoylamino acids. Using 
the appropriate acyl derivatives of tyrosine, valine, isoleu
cine, and leucine, the azlactones 7c-f were also prepared. 
We have subsequently found that the a-methyl group in 
the cinnamoyl function is unnecessary since the azlact
ones 7g and 7h (R3 = H) could also be prepared by the 
direct procedure in acceptable yields. The recrystallized 
yields and pertinent physical data for the acylamino

Table II Azlactones“
:R<

r3

R. ^ 0
R

7

Compd Mp, °C Yield,6 % Solvent for crystn Nmr, S

7b 120.5-121 44c
62“

M e0H -H 20
(3:1)

R 2 = 7.04

7c 163-165 59“ Benzene-cyclohexane
(3:2)

R , =  7.08

7f 83.5-84.5 50“ j-PrOH Z-R 2 = 6.38 (0.79 H) 
£ -R 2 = 6.50 (0.21 H)

7d 138.5-140 63“ i-PrOH Z- Ri = 2.32 
E- R 2 = 2.24

7e 63-67
amorphous

47“'* 95% EtOH Z- Ri = CH, = 2 .7 9  
R , = CH 3 =  2.24 

E- Rl = CH 3 = 2.32 
R 2 = CH, = 2.65

7g 133-134 54“ ¿-PrOH R 2 = 7.08
7h 116-118 24“ i-PrOH Z-H t = 2 .3 0  

E -  R 2 = 2.20

« Satisfactory analytical data (±0 .4 %  for C, H, N) were reported for all new compounds listed in the table. 6 Yield after 
recrystallization.« From the dibromoacyl acid. d From the cinnamoylamino acid .e Prepared by Mr. Edward Breitho.le.
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Table III
Dehydroamino Acid Methyl Esters"

R3 R4

) = (
NH— CO H

R2
10

Compd Mp, °C Yield,6 % Solvent for crystn Nmr, 5

1 0 b 128.5-129.5 83 EtOAc-petroleum R 2 =  7.74
ether (2:1)

1 0 c 109.5-111 52 CHCI3 R 2 =  7.48
(Z)-10f 108-108.5 77 CCh-hexane (1:1) R 2 =  6.51
(E)-1 0 f 104-106 57 CCli-petroleum R, =  6.95

ether (1:1)
lOd 98.5-99 93 CCh-petroleum R, = 2.11

ether (1:1) R 2 = 1.84
(Z)-10e 107-108 62« CC1, hexane (1 : 1) R, =  CH, =  2.49 

R 2 =  CH3 =  1 . 8 6
(E)-1 0 e 95-96 73« CCli-hexane (1:1) R , =  CH 3 = 2.11

R 2 =  CH2 =  2.18
1 0 g 200-201 91 CHCI3 petroleum R 2 =  7.73

ether (1:1)
1 0 h 152-153 82 EtOAc-petroleum R , =  2.10

ether (3:2) R 2 =  1.85

“ Satisfactory analytical data (±0 .4 %  for C, H, N) were reported for all new compounds listed in the table. b Yield after 
recrystallization. e Prepared by Mr. Edward Breitholle.

acids, unsaturated azlactones, and derived esters are re
ported in Tables I, II, and III, respectively.

Stereochemistry. The configuration of the new double 
bond introduced into the carbon chain of the amino acid 
by the double dehydrobromination reaction should be es
tablished if we are to use it later in the synthesis of amino 
acid derivatives. In 1971, Brocklehurst9 unequivocally es
tablished the Z  configuration of the 2-phenyl-4-benzyli- 
deneazlactone (9) prepared by the Erlenmeyer method,

using X-ray crystallography. As previously mentioned, the 
azlactones 7a and 7b obtained by our oxidation method 
were identical with azlactones of the same gross structure 
prepared by the Erlenmeyer condensation, and should 
also have the Z  configuration.10 Nmr measurements made 
by Brocklehurst118  in 1968, Morgenstern, 108 and Brownllb 
on the ester 13 derived from both stereoisomers of 9 
showed that a vinylic proton cis to the benzamido func
tion in 13 is downfield  of a proton trans to that function . 12 
This key piece of information allowed us to assign the Z  
configuration to azlactones 7a, 7b, 7c, and 7g and to as
sign the Z  configuration to the predominant isomer (79%) 
of 7f formed when leucine was oxidized by our procedure. 
We have no evidence of the formation of more than one 
isomer when an arylidene azlactone (R i = Ar) is the prod
uct, but both isoleucine and leucine afforded mixtures of 
isomers which were separable after conversion to the cor
responding methyl esters ( 1 0 ) by azlactone methanolysis. 
Isoleucine gave approximately an equimolar mixture of 
the E  and Z  isomers, while leucine gave a 4:1 Z :E  mix
ture. This is consistent with the hypothesis that the larger

group is favored to take the position cis to the nitrogen 
atom in the oxazolone ring (Z  configuration). The Z  con
figuration is apparently favored on steric grounds with the 
larger group taking the least hindered position as dis
cussed by Zimmerman13 in connection with the Perkin 
condensation. Isoleucine, having two groups, methyl and 
ethyl, of approximately the same size, gave about equal 
amounts of both isomers.

Table IV shows a possible correlation between the 
change in chemical shift (Av) of the /3-vinylic proton when 
the azlactone is converted into the corresponding ester 
and the double bond configuration. Compounds having 
the Z  configuration show a smaller downfield shift than 
those having the E  configuration in the three cases for 
which data are available. It may be possible to make as
signments on the basis of Av as more of these data become 
available. We can assign the shift positions of the methyl 
protons in azlactone 7d and the ester lOd formed from va
line by reference to the elegant work of Brown.and Smale,llb 
who deduced the chemical shifts of the methyl protons 
in methyl a-benzamido-/?-methylcrotonate. Referring 
to the formulas 7d and lOd, we see that the Av value for

CE, ( 2 . 2 4 )  

7d

(2.1D CH- 

( 1 . 8 4 )  CH;

NHCO—

COOCH3
lOd

the Z-methyl group14 of 7d is -0 .21  and that of the E- 
methyl group is -0 .40. Assuming, then, that an E-methyl 
group15  will have the larger absolute Av value in 7e, these

R.
7e
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Table IVCorrelation of Av with Configuration
r 3

N ^ O  “ f  SS°
\ 1  — >- c - cooch3

R. - f
R2 r 2

Configli-
Ri R2 Rj ration Av — l'est Paz Ref

3,4-(CH 30 ) 2C6H s H c 6h 5 z 0.29« 1 0 , 1 2 a
H 3,4- (CH30 ) 2C6H 3 c 6h 5 E 0.52“ 1 0 , 1 2 a
c 6h 5 H c 6h 6 Z 0 .2 0 * 1 2 a
H CaH 5 CaH 6 E 0 .326 1 2 a
(CH3)2CH H C6H 5C H = C (C H 3) Z 0.08 c
H (CH3)2CH C 6H 5C H = C (C H 3) E 0.40 c
Z-C H S e -c h 3 C 6H 5C H = C (C H 3) Z-C H S -0 .2 1 c

E -CH 3 -0 .4 0 c
C I V c 2h 5 C 6H 5C H = C (C H 3) E - 0 . 2 1 c
C T V c h 3 CcH 5C H = C (C H 3) Z -0 .3 0 c

“ Ethyl esters. 6 Using the centers of broad peaks. c This work. d Prepared by Mr. Edward Breitholle.

values can be used to assign the configurations of the two 
azlactones formed from isoleucine. The isomer of 7e which 
shows the larger methyl group Av value of -0 .30  should 
be the Z  isomer (Ri = C2H 5, R 2 =  CH3) and the isomer 
having Ai/ = -0 .21  can be assigned the E  configuration 
(Ri = CH3; R2 = C2H5).

M echanism. The predominance of Z isomers in the 
products of the bromine oxidation, except in the case of 
isoleucine where Rj and R2 are almost sterically equiva
lent, indicates that the overall process gives the product 
having the most stable double bond (Z  configuration) and 
is stereoselective rather than stereospecific. Since the
1,4-dehydrobromination should give approximately the 
same mixture of pseudo-azlactones no matter what the 
sizes of Ri and R2, the second step, which determines the 
final configuration and is sensitive to the bulk of R i and 
R2, must also be stereoselective and most probably non- 
concerted. The first step is very likely to be of the E lcb  
type, 16 since the carbanion 1 1  at C-4 in the azlactone ring 
is of considerable stability as evidenced by the well-known 
ease of racemization of optically active azlactones. 17  The 
second step is also likely to be of the same mechanistic 
type, since the requisite carbanion 1 2  would have consid
erable resonance stabilization. The formation of these sta
ble carbanions should lead to thermodynamic control of 
configuration and an overall stereoselective process.

R, R,
11 12 

Experimental Section
General. The nuclear magnetic resonance spectra were record

ed on a Varían HA-100 spectrometer with tetramethylsilane as 
the internal standard and the infrared spectra were obtained on a 
Perkin-Elmer Model 257 spectrophotometer as Nujol mulls with 
polystyrene as a standard. Melting points were determined on a 
Nagle Model Y6 hot stage. Elemental analyses were carried out 
by Atlantic Microlabs, Atlanta, Ga.

A'-a-Methylcinnamoyl- and V-Cinnamoylamino Acids (8). A 
solution of 50 mmol of the acid chloride in 25 ml of 1,2-dime- 
thoxyethane (DME) was added dropwise in 30 min to a solution 
of 50 mmol of the amino acid in 100 ml of a 1:1 mixture of DME: 
1 N  LiOH in a 300 ml three-necked round-bottomed flask equipped 
with a magnetic stirrer, delivery funnel, and an electrode at

tached to a Corning Model 10C pH control unit. The reaction 
mixture was maintained at pH 10 by the addition of 1 A  LiOH 
during the acid chloride addition. After a further 30 min at room 
temperature, the reaction mixture was cooled with ice and ad
justed to pH 1 with concentrated HC1. The white precipitate was 
filtered, dried in vacuo overnight, and purified by crystallization. 
If a precipitate did not form, the acidic solution was extracted 
with three 100-ml portions of ethyl acetate, the combined extracts 
were dried (MgS04) and evaporated in vacuo, and the residue 
was crystallized.

The yields, melting points, and recrystallization solvents for 
these A'-acyl-a-amino acids are given in Table I. Nujol mulls of 
these acylamino acids showed major absorption bands in the fol
lowing spectral regions: 1700-1730 (COOH), 1635-1660 (C=C), 
1595-1615 cm - 1  (amide 1).

Azlactones (7). To a solution of 10 mmol of the N-acylamino 
acid in 10 ml of acetic anhydride containing 6 drops of pyridine, 
10  mmol of pyridinium hydrobromide perbromide was added. 
After stirring for 15 min, 3 ml of pyridine was added to the light 
amber solution and the reaction mixture was stirred for 15 min at 
room temperature, during which time pyridine HBr precipitated. 
The mixture was poured into 150 ml of an ice-H20  mixture, 
stirred for 30 min, and filtered. The solid obtained was crystal
lized giving the pure products.

The yields, melting points, recrystallization solvents, and nmr 
data for these azlactones are given in Table II. Nujol mulls of 
these azlactones showed major absorption bands in the following 
spectral regions: 1770-1800 (C = 0) with shoulder at 10-20 cm - 1  
lower frequency, 1645-1665 cm- 1  (C=N).

Dehydro Amino Acid Methyl Esters (10). To a solution of 1 
ml of 0.5 N  sodium methoxide in 50 ml of absolute methanol, 15 
mmol of the azlactone was added. After stirring for 30 min at 
room temperature, the pH of the reaction solution was adjusted 
to 3 with concentrated HC1. The solvent was evaporated in vacuo, 
the crude residue was dissolved in 50 ml of ethyl acetate, and the 
solution was extracted with two 25-ml portions of H20. The ethyl 
acetate solution was dried (MgSCL) and evaporated in vacuo and 
the residue was crystallized.

The yields, melting points, recrystallization solvents, and nmr 
data for these dehydro A’-acylamino esters are given in Table HI. 
Nujol mulls of these esters showed major absorption bands in the 
following spectral regions: 1710-1730 (ester C = 0), 1650-1660 
(C=C), 1615-1645 (C=C), 1600-1625 cm ' 1 (amide 1 ).

Methyl a-((A)-a-Methylcinnamamido)-(2)-/3-isopropylacry- 
late [(Z)-10f)]. To a solution of 1 ml of 0.5 N  sodium methoxide 
in 50 ml of methanol, 2.76 g (10.8 mmol) of crude 7f was added. 
After stirring for 15 min at room temperature the pH of the reac
tion mixture was adjusted to 3 with concentrated HC1. The sol
vent was evaporated in vacuo, giving a crude mixture which was 
dissolved in 150 ml of ethyl acetate and extracted with two 50 
ml-portions of H20. The ethyl acetate solution was dried 
(MgSO<t) and evaporated in vacuo, giving 2.96 g of a crude mix
ture of isomers. Crystallization of the mixture from 20 ml of car
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bon tetrachloride and 26 m l of hexane gave 1.9 1  g ( 6 1 % )  of (Z)- 
lOf, m p 10 2 -10 6 °. F u rth e r rec rysta lliza tio n  of (Z)-10f from  1 : 1  
carbon tetra ch lo rid e-h exa n e gave an a n a ly t ic a l sam ple: m p 10 8 - 
10 8 .5 °; ir  (N u jo l) 3230 (N H ), 1730 ( C O O C H 3), 1655 and 1640 
( C = C ) ,  16 15  (a m id e  1 ), 1500 c m ' 1  (am ide I I) ;  n m r ( C D C 1 S) S
7.30 [m, 7 H , P h C H = C ( C H 3) - ,  N H ], 6 .51 (d, 1 H , J  =  10  H z , Z 
- C H = C < ,  3 .72  (s, 3 H , C O O C H 3), 2.65 [m, 1 H , - C H ( C H 3)2],
2 .1 1  [s, 3 H , P h C H = C ( C H 3)-] , 1.04 ppm  [d, 6  H , J  =  7 H z ,
CH(CH3)2].

Methyl a-((E)-a-Methylcinnamamido)-(E)-/9-isopropylacry- 
late [(JS)-10f]. A  473-m g  sam ple obtained from the m other liq u o r 
of (Z)-10f was chrom atographed on a 1 .2 5 -c m  th ic k  s ilic a  gel G  
plate b y e lution  w ith C H C 1 3, g iv ing  2 14  m g of the crude E isom er, 
w hich was c rysta llize d  from  3 :2  C C R -p e tro le u m  ether (bp 3 0 - 
60°), y ie ld in g  16 1 mg of (E)-lOf, m p 10 3 -10 6 °. T h e  a n a ly t ic a l 
sam ple was recrysta llize d  from  1 :1 .  C C l4-p e tro le u m  ether: m p 
10 4 -10 6 °; ir  (N u jo l) 3310  (N H ), 1720 ( C O O C H 3), 1655 and 1645 
( C = C ) ,  16 10  (am ide I) , 1505 c m ' 1  (am id e  I I) ;  n m r ( C D C 1 3) 6 7.86 
(broad s, 1  H , N H ) , 7 .3 1  [m, 6  H , P h C H = C ( C H 3) -] ,  6.95 (d, 1 H , 
J  = 10  H z , E - C H = C < ) ,  3.80 (s, 3 H , C O O C H 3), 3 .3 1  [m, 1  H , 
C H ( C H 3)2], 2 .10  [s, 3 H , P h C H = C ( C H 3)-] , 1.06 ppm  [d, 6  H , J  
=  7 H z , C H ( C H 3)2].

Methyl a-((£))-a>Methylemnamamido)-/3-methyl-2-penten- 
orate [(£)- and (Z)-10e].18 T o  a suspension of 2.55 g (10  m m ol) 
of 7e in  50 m l of m ethanol was added 1 .0 1  m l of 0.48 N  sodium  
m ethoxide and in  several m inutes the so lid  dissolved. T h e  reac
tion course was followed b y tic  ( 1 : 1  ra -h e x a n e -C H C l3) and the 
clear solution was a c id ifie d  w ith concentrated H C 1  to p H  2.5 . T h e  
solvent was evaporated in  va cu o , the residue was dissolved in  
ethyl acetate, and the solution was w ashed w ith  water, dried 
( M g S 0 4), and evaporated in  va cu o , g iv in g  2.9 g (10 0 % )  of lOe. 
R e c ry sta lliz a tio n  from  1 : 1  C C l 4 -n -h e x a n e  yie ld ed  2.46 g (8 6 % )  of 
w hite crysta ls: m p 8 2 -8 4 °; ir  (N u jo l) 3275 ( N H ), 1728  ( C O O C H 3 ), 
1640 (am ide I) , 16 18  c m ' 1  ( C = C ) ;  n m r ( C D C 1 3) 1.08 ( 2  t, 3 H , 
C H 3 C H 2 ), 1 .8 1  (s, 3 H , C H 3 C H 2 ( C H 3 ) C = ) ,  2 .18  [s, 3 H , 
P h C H = C ( C H 3) -] ,  2 .15 -2 .6  (m , 2 H , C H 2), 3.68 (s, 3 H , 
C 0 0 C H 3), 7.30 (s, 5 H , P h ), 7.38 (s, 1  H , P h C H = ) ,  7.97 p p m  (m , 
1 H ,  N H ).

A  600-m g sam ple of the above product was separated by pre
p arative  chrom atography using  2 .5 -m m  s ilic a  gel plates eluted 
w ith  8 .5 :1.5  n -hexane-aceto ne. T h e  plates were developed 13 
tim es y ie ld in g  two bands at R f 0.40 and 0.45. C ry s ta lliz a t io n  from 
1 : 1  C C U -re -h e x an e  yie ld ed  2 19  m g of (E ) -10 e : m p 9 5 -9 6 °; ir  
(N u jo l) 3238 ( N H ), 1 7 1 2  ( C O O C H 3), 1640 (am ide I) , 16 14  c m ' 1  

( C = C ) ;  n m r ( C D C 1 3) 1.00 (t, 3 H , C H 3 C H 2), 2 .1 1  [s, 6  H , 
P h C H = C ( C H 3) - ,  C H 3 C H 2 ( C H 3 ) C = ] ,  2 .18  (q, 2  H , C H 2), 3.69 
(s, 3 H , C O O C H 3), 7.30 (s, 5 H , P h ), 7.34 (s, 1  H , P h C H = ) ,  7.52 
ppm  (m , 1  H , N H ) , and 180 m g (Z )-10 e : m p 10 7 -10 8 °; ir  (N u jo l) 
3220 ( N H ), 17 1 7  ( C O O C H 3), 1637 (am ide I), 16 12  cm  ( C = C ) ;  
n m r ( C D C 1 3) 1 . 1 1  (t, 3 H , C H 3 C H 2), 2.49 (q, 2 H , C H 2), 1.86 [s, 3 
H , P h C H = 0 ( C H 3)-] , 2 . 1 2  [s, 3 H , C H 3 C H 2 ( C H 3 ) C = ] ,  3 .72  (s, 3 
H , C O O C H 3), 7.32 (s, 5 H , P h ), 7.36 (s, 1  H , P h C H = ) ,  7.45 ppm  
(m , 1 H ,  N H ) .

¿ V -( D L -e r y i5 r o -2 ,3 -I) ib r o m o -2 -m e t h y lb u t a n o y l) -L -p h e r iy la la - 
n in e  (5 a ). A  so lution  of 9.02 g (54.5 m m ol) of L -p h e n y la la n in e  in  
150 m l of 1 0 %  sodium  bicarbonate in  a three-necked flask 
equipped w ith m agnetic stirred  and d e liv e ry  fun n el was cooled in  
an ice bath  and 1 1 .7 5  g (42.5 m m ol) of T > L -erythro-2 ,3-d ibion io-2- 
m eth ylb u tan o yl chloride was added dropwise over a 3 0 -m in  p e ri
od. A fter s t irr in g  for 2 hr, the ice b ath  was rem oved and the rea c
tion m ix tu re  was stirred  for another 3 hr at room tem perature. 
T h e  p H  of the reaction m ix tu re  was ad justed to 1  w ith  concen
trated H C 1  and it  was extracted w ith four 15 0 -m l portions of 
ethyl ether. T h e  com bined extracts were d ried  (N a 2 S 0 4) and the 
ether was evaporated in  va cu o , g iv in g  15 .79  g (9 0 % ) of crude 5a. 
C ry s ta lliz a t io n  of the crude product from  e th yl acetate-petroleum  
ether gave 13.84 g ( 8 1 % )  of 5 a : m p 1 1 6 .5 - 1 1 7 ° ;  ir  (N u jo l) 3330 
(N H ), 1 7 1 5  ( C = 0 ) ,  1655 (am ide I), 1554 c m - 1  (am ide II) ;  nm r 
( C D C 1 3) 5 1.68 (d, 3 H , C H 3 C H B r - ,  J  =  6  H z ), 1.88 (d, 3 H , 
C H a C H B r - ,  J  =  6  H z ), 1 .9 1  [s, 3 H , - C ( C H 3 ) B r ' ] ,  1.9 6  [s, 3 H , 
- C ( C H 3 )B r~ ], 3.20  (m , 4 H , C H 2 P h ), 5.58 (m , 2 H , C H 3 C H B r ~ ) ,
5.88 [m, 2 H , - C H ( C O O H ) -] ,  7.20 ppm  (s, 10  H , P h ). A n a l. C a lc d  
for C i 4 H 1 7 N 0 3 B r 2: C ,  4 1.30 ; H , 4 .2 1; N , 3.44 Fo un d : C , 41.48; H , 
4.24; N , 3.48.

N-Tigloylglycine. A  solution of 3.28 g (27.8 m m ol) of tig lo yl 
ch loride (prepared from  5.0  g of t ig lic  a c id  using  S O C l2) in  20 m l 
of tetrahydro furan  was added in  2 -m l increm ents to a solution of
6.45 g ( 8 6  m m ol) of g lycin e  in  100 m l of 1 0 %  aqueous sodium  b i
carbonate solution contained in  a separatory fu n n el. A fter the 
reaction was com plete the p H  was ad justed to 2 w ith  concentrat
ed H C 1  and the solution was saturated w ith N a C l and extracted

w ith  three 10 0 -m l portions of ethyl ether. T h e  com bined extracts 
were d ried  (N a 2 S 0 4 ) and the ether was evaporated in  va cu o , g iv 
in g  2 .5 1  g (5 8 % ) of crude product. C ry s ta lliz a t io n  of the crude 
product from  1 : 1  C H C 1 3 - C C 1 4 gave 1.69 g (6 7 % ) of N -t ig lo y lg ly - 
cine: m p 8 6 .5-8 8 °; ir  (N u jo l) 3420 (N H ), 1705 (C O O H ), 1665 
( C = C ) ,  1585 (am ide I) , 1535 c m - 1  (am ide I I) ;  n m r ( C D C 1 3) & 6.81 
(t, 1  H , N H ), 6.57 (q, 1  H , v in y l H ) , 4.08 (d, 2 H , J  =  6  H z , 
- C H 2 -) >  1.84 (s, 3 H , C H 3- ) ,  1 .7 5  ppm  (d, 3 H , C H 3 C H = ) .  A n a l. 
C a lc d  for C 7 H u N 0 3: C , 53.49; H , 7.05; N , 8.9 1. Fo u n d : C , 53.52; 
H , 7 .1 1 ;  N , 8.9 1.

IV-((£)-a-Methylcinnamoyl)glycine. A  solution of 4.50 g (25 
m m ol) of (£ ) -a -m e th y lc in n a m o y l chloride in  25 m l of D M E  was 
added dropw ise over a 1 -h r  period to a solution of 3.78 g (50 
m m ol) of g lycin e  in  25 m l of 2 N  L iO H  and 25 m l of D M E  in  a 
1 0 0 -m l three-necked fla sk  equipped w ith  a m agnetic stirrer and a 
d e liv e ry  fu n n el. T h e  D M E  was evaporated in  va cu o  an d  the p H  
of the cooled reaction m ixture  was ad justed to 1  w ith  concentrat
ed H C 1  and extracted w ith  two 10 0 -m l portions of ethyl acetate. 
T h e  com bined extracts were washed w ith two 50 m l-p o rtio ns of 
H 20  and d ried  (N a 2 S 0 4 ) and the solvent was evaporated in  
va cu o , g iv in g  4.81 g (9 0 % ) of 7V -((£)-a :-m e th y lc in n a m o y l)g lyc in e . 
C ry s ta lliz a t io n  from e th yl acetate gave 4.22 (7 7 % )  of w hite nee
dles: m p 1 4 0 -1 4 1 ° ;  ir  (N u jo l) 3330 (N H ), 1755 and 1735  (C O O H ), 
1630 ( C = C ) ,  1585 c m - 1  (am ide I) ;  n m r ( T F A )  5 8 .00-7.60 (broad 
s, 1  H , N H ) , 7.58 (s, 1  H , P h C H = ) ,  7.37 (s, 5 H , P h ), 4.45 (s, 2 H , 
- C H 2- ) ,  2 .2 1  ppm  (s, 3 H , C H 3). A n a l. C a lc d  for C i 2 H i 3 N 0 3: C , 
65.74; H , 5.98; N , 6.39. Fo un d : C , 6 5.51; H , 6.03; N , 6.44.

iV-(DL-eryihro-a-Methyl-2,3-dibromohydrocinnamoyl)-DL- 
phenylalanine (5b). A  solution of 5.43 g (15 .9  m m ol) of d l - 
ery ifcro -2,3 -d ib ro m o -2 -m e th yl-3 -p h e n ylp ro p a n o yl ch loride in  14  
m l of D M E  was added dropwise in  1  h r to a so lution  of 4 .5 1 g 
(32.8 m m ol) of D L -p hen yla la n in e  in  160 m l of 5 %  sodium  b ic a r 
bonate in  a three-necked flask  equipped w ith  a m agnetic stirrer 
and d e liv e ry  fu n n el. A fter s t irr in g  for 1  hr at room tem perature, 
the reaction m ixture  was cooled, its  p H  a d ju sted  to 1 w ith  con
centrated H C 1 , and extracted w ith  three 12 5 -m l portions of ethyl 
ether. T h e  com bined extracts were dried  (N a 2 S 0 4) and evapo
rated in  va cu o , g iv in g  5.93 g (8 0 % ) of 5b as an  am orphous so lid . A  
solution of the am orphous so lid  in  1 0  m l of eth yl acetate was 
added dropwise to a stirred  solution of 3000 m l of petroleum  
ether, g iv ing  a w hite p recip itate ; m p 1 6 1 -1 6 7 ° ;  ir  ( C H C 1 3) 3390 
( N H ), 1730  (C O O H ), 1670 (am ide I) , 1500 c m - 1  (am ide II) .

Methyl a-(Tiglamido)-trans-cinnamate (10a). T o  a so lutio n  of 
1  m l of sodium  m ethoxide in  20 m l of absolute m ethanol 1.36  g 
(5.99 m m ol) of 7a was added. A fter st irr in g  for 15  m in  at room 
tem perature the p H  of the solution was ad justed to 2  w ith  con
centrated H C 1 . T h e  solvent was evaporated in  va cu o , g iv in g  a 
crude m ix tu re  w hich was dissolved in  40 m l of e th yl acetate, and 
the solution was extracted w ith two 2 5 -m l portions of H 2 0 . T h e  
ethyl acetate solution was dried  ( M g S 0 4) and the solvent was 
evaporated in  va cu o , g iv in g  1.46 g (9 4 % ) of m eth yl a -(t ig la m id o )- 
fra n s-c in n a m a te , m p 1 1 7 - 1 1 9 ° .  C ry s ta lliz a t io n  from 1 : 2  ethyl ace
ta te -p etro leu m  ether gave 1.36  g (8 8 % )  of an  a n a ly t ic a l sam ple: 
m p 1 1 7 .5 - 1 1 9 ° ;  ir  (N u jo l) 3230 ( N H ), 17 10  ( C O O C H 3), 1658 
( C = C ) ,  1620 (am ide I) , 1488 c m ' 1  (am ide I I) ;  n m r ( C D C 1 3) 5 7.50 
(s, 1  H , P h C H = ) ,  7.26 (m , 6  H , P h C H = ,  N H ), 6.46 (q, 1 H , J  =  
7 H z , C H 3 C H = ) ,  3.70 (s, 3 H , C O O C H 3), 1 .8 1  [s, 3 H , 
C H 3 C H = C ( C H 3) -] ,  1 .7 2  ppm  (d, 3 H , J  =  7 H z , C H 3 C H = ) .  
A n a l. C a lc d  for C i 5 H 1 7 N 0 3: C , 69.48; H , 6 .6 1; N , 5.40. Fo u n d : C , 
69.63; H , 6 .6 6 ; N , 5.33.

2-(cis-2-Butenyl)-4-benzyIidene-2-oxazolin-5-one (7a). A. 
From iV-(Dt-{>oihro-2,3-Dibromo-2-methylbutanoyl)-L-phenyl- 
alanine (5a). P y rid in e  (15  m l) was added to a so lutio n  of 6 .17  g 
( 1 5 .1  m m ol) of 5a in  95 m l of acetic an h yd rid e. A fter s tirr in g  for 
30 m in  at room tem perature, the reaction m ix tu re  was filtered 
and poured into 250 m l of anhydrous ethyl ether. T h e  s lu rry  was 
filtered and the filtra te  was evaporated in  va cu o , g iv in g  4.67 g of 
an am orphous so lid . C ry sta lliz a t io n  from  5 :1  m eth an o l-w a ter 
gave 3 .18  g (9 3 % ) of 7a, m p 1 1 5 - 1 1 6 ° .  R e c ry sta lliz a tio n  from  
m eth an o l-w a ter gave an a n a ly t ic a l sam ple: m p 1 1 6 -1 1 6 .5 ° ;  ir  
(N u jo l) 1785 ( C = 0 ) ,  1650 ( C = N ) ,  1620 c m “ 1  ( C = C ) ;  nm r 
( C C 1 4) 5 8.02 (m , 2 H , ortho H ’s of P h ), 7 .32  (m , 3 H , P h ), 6.96 (s, 
1  H , = C H P h ) ,  6.83 (q, 1  H , J  =  6.5 H z , C H 3 C H = ) ,  2.04 [s, 3 H , 
- ( C H 3 ) C = ] ,  1.90 ppm  (d, 3 H , J  =  6.5 H z , C H 3 C H = ) .  A nal. 
C a lc d  for C i 4 H 1 3 N 0 2: C , 73.99; N , 5 .77; N , 6.16 . Fo u n d : C ,  74.07; 
H , 5,83; N , 6.20.

B. From )V-Tigloylglycine. A  solution of 550 m g (3.5 m m ol) of 
N -t ig lo y lg ly c in e , 200 m g (2.44 m m ol) of fused sodium  acetate, 550 
m g (5 m m ol) of benzaldehyde, and 6  m l of acetic an hyd rid e  was 
refluxed for 2 hr. T h e  solvent was evaporated in  va cu o , g iv in g  an 
a m orp h ou s  so lid  w hich was washed w ith 5 %  sod ium  bicarbonate
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and water and crystallized from 6:1 methanol-water giving 417 
mg (52%) yellow solid, mp 103-114°. Recrystallization from meth
anol-water gave 208 mg (26%) of 7a, yellow needles, mp 116-117°, 
identical in all respects with product obtained by method A.

C. From Af-Tigloyl-DL-phenylalanine (8a). A 1.31-g (4.12 
mmol) portion of pyridine hydrobromide perbromide was added 
to a solution of 1.02 g (4.12 mmol) of 8a in 20 ml of acetic anhy
dride containing 1  drop of pyridine. The solution was stirred until 
the reddish-brown solution turned canary yellow. Pyridine (3 ml) 
was added and the reaction mixture was stirred for 15 min at 
room temperature. The slurry was poured into 200 ml of ice and 
H20 and the mixture was stirred for 30 min and filtered. The 
precipitate was dried in vacuo and the brown solid was crystal
lized from 1:2 ethyl acetate-petroleum ether, giving 0.63 g (68%) 
of 7a, mp 114-115°. Recrystallization from isopropyl alcohol gave 
0.50 g (50%) of 7a, mp 116-116.5°, identical in all respects with 
product obtained by method A.

IV -T ig loy l-D L-pheny la lan ine  (8a). A solution of 2.49 g (20 
mmol) of tigloyl chloride in 20 ml of 1,2-dimethoxyethane (DME) 
was added dropwise in 30 min to a stirred solution of 1.67 g (40 
mmol) of lithium hydroxide and 6.96 g (42 mmol) of DL-phenylal- 
anine in 25 ml of H20  and 20 ml of DME. The reaction mixture 
was poured into 100 ml of ice and H20  and the pH was adjusted 
to 1 with concentrated HC1. The white precipitate was filtered 
and dried overnight in vacuo, giving 3.90 g (75%) of crude 8a, mp 
132-134°. Crystallization from 1:1 ethyl acetate-petroleum ether 
gave an analytical sample: mp 132-134°; ir (Nujol) 3320 (NH), 
1725 (COOH), 1655 (C=C), 1575 (amide I), 1530 cm ’ 1 (amide II); 
nmr (CDC13) 7.20 (m, 5 H, Ph), 6.38 (m, 2 H, CH3CH=, NH),
5.92 (m, 1 H, -CHCOOH-), 3.19, 3.22 (q, 2 H, J  = 6 Hz, 
PhCHaHb), 1.72 (s, 3 H, CH=CCH3), 1.68 ppm (d, 3 H, 
CHSCH=). Anal. Calcd for Ci4Hi7N03; C, 68.00; H, 6.93; N, 
5.66. Found: C, 67.86; H, 6.97; N, 5.77.

Preparation of 2-(ciS-l-Methylstyryl)-4-benzlidene-2-oxazo- 
lin-5-one (7b). Method A. From 5b. 1. Using Acetic Anhydride 
and Pyridine. Pyridine (8 ml) was added to a solution of 2.72 g 
(5.8 mmol) of 5b in 45 ml of acetic anhydride. After stirring for 30 
min at room temperature, the reaction mixture was poured into 
150 ml of an ice-H20  mixture, stirred for 30 min, and filtered. 
The yellow precipitate was washed with H20  and crystallized 
from 3:1 methanol-water, giving 0.74 g (44%) of 7b: mp 120.5- 
121°; ir (Nujol) 1795 and 1775 (C =0), 1645 cm ' 1 (C=N); nmr 
(CDCls) 5 8.02 [m, 2 H, 2,6 H’s of Ph (Ri)], 7.55 [q, 1 H, J  = 3.5 
Hz, PhCH=C(CH3)-J, 7.38 [m, 8 H, PhCH=C(CH3)- and Ph];
7.04 (s, 1 H, PhCH=), 2.30 ppm (d, J  = 3.5 Hz, 3 H, CH3). Anal. 
Calcd for CwHi5N02: C, 78.87; H, 5.23; N, 4.84. Found: C, 78.22;
H, 5.18; N, 4.84.

2. Using Dicyclohexylcarbodiimide. A solution of 1.77 g (8.6 
mmol) of dicyclohexylcarbodiimide in 20 ml of CH2C12 was added 
to a solution of 3.88 g (8.3 mmol) of 5b in 40 ml of CH2C12. After 
the reaction mixture was stirred for 3 hr, the dicyclohexylurea 
was filtered (1.49 g, 78%) and the infrared spectrum of the filtrate 
showed 1830 (C =0), 1785 (C =0), 1655 cm" 1 (C=N). Pyridine (4 
ml) was added to this solution, which was stirred for 15 min and 
evaporated in vacuo, giving a light yellow solid. The solid was 
stirred with 100 ml of H20, filtered, and dried in vacuo overnight, 
giving 2.71 g of dicyclohexylurea and 7b. Crystallization from iso
propyl alcohol gave 1.49 g (62%) of 7b, mp 118-120°, spectrally 
identical with a sample obtained by method A.

Method B. From (V-((E)-a-Methylcmnamoyl)glycine. A solu
tion of 5.89 g (26.8 mmol) of N-((E)-a-methylcinnamoyl)glycine,
I. 72 g (18.6 mmol) of fused sodium acetate, 3.84 ml (37.0 mmol) 
of benzaldehyde, and 45 ml of acetic anhydride was refluxed for 2 
hr. The solvent was evaporated in vacuo, giving an amorphous 
solid which was washed with 5% sodium bicarbonate, water, and 
methanol, giving a yellow solid which was crystallized from 5:1.5

methanol-water, giving 2.30 g (30%) of 7b, mp 119-121°, spectral
ly identical with a sample obtained by method A.

M ethod  C. F rom  iV -((E )-a :-M ethylc innam oyl)-D L-P henyIa la- 
n ine (8b). To a solution of 690 mg (2.23 mmol) of 8b in 20 ml of 
acetic anhydride containing 1 drop of pyridine was added 718 mg 
(2.24 mmol) of pyridine hydrobromide perbromide. After the 
reaction mixture was warmed to 80°, it was cooled to room tem
perature and 4 ml of pyridine was added. The reaction mixture 
was stirred for 10  min at room temperature, during which time a 
precipitate formed. The mixture was poured into 100 ml of an ice- 
H20  mixture, stirred for 30 min, and filtered. The light yellow 
solid obtained was crystallized from methanol and H20, giving 
395 mg (62%) of 7b, mp 121-121.5°, spectrally identical with a 
sample obtained by method A.

Registry No. 5a, 49659-60-1; 5b, 49659-61-2; 7a, 49659-62-3; 7b, 
49659-63-4; 7c, 49659-64-5; 7d, 49659-65-6; 7e (R, MeZ to N), 49659-
66-7; 7e (R, Me E to N), 49659-67-8; 7f, 49659-68-9; 7g, 49659-69-0; 
7h, 49659-70-3; 8a, 49659-71-4; 8b, 49659-72-5; 8c, 49659-73-6; 8d, 
49659-74-7; 8e, 49659-75-8; 8f, 49659-76-9; 8g, 49659-77-0; 8h, 
49659-78-1; 10a, 49659-79-2; 10b, 49659-80-5; 10c, 49659-81-6; lOd, 
49659-82-7;, (Z)-10e, ' 49659-83-8; (E)-10e, 49659-84-9; (.Z)-10f, 
49659-85-0; (£)-10f, 49659-86-1; 10g, 49659-87-2; lOh, 49659-83-3; 
L-phenylalanine, 63-91-2; DL-eo,thro-2,3-dibromo-2-methylbu- 
tanoyl chloride, 49659-89-4; IV-tigloylglycine, 35842-45-6; tigloyl 
chloride, 35660-94-7; glycine, 56-40-6; IV-((E)-a-methylcin- 
namoyl)glycine, 49659-92-9; (E)-a-methylcinnamoyl chloride, 
38449-13-7; DL-eo'ibro-2,3-dibromo-2-methyl-3-phenylpropanoyl 
chloride, 49659.-94-1; DL-phenylalanine, 150-30-1; dicyclo
hexylcarbodiimide, 538-75-0.
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Solid-phase synthesis of Leu-Ala-Gly-Val furnished Leu-Ala-Gly-Gly-Val as a by-product when urethane-pro
tected amino acids were coupled by the mixed anhydride method. Synthesis of Gly-Val similarly produced Gly- 
Gly-Val. Activation of A“-2 -(4 -biphenylyl)-2 -propyloxycarbonylglycine (Bpoc-Gly) with ethyl chlorocarbonate 
and triethylamine in methylene chloride formed an intermediate that reacted with Val-resin to yield iV-Bpoe- 
N-(Bpoc-Gly)-Gly-Val-resin. Thus, two glycine residues were added during a single solid-phase cycle. Since 
Bpoc-Gly-Val-resin was not acylated at the urethane nitrogen by symmetrical or mixed anhydrides of Bpoc- 
Gly, by Bpoc-Gly activated with dicyclohexylcarbodiimide, or by leucine-lV-carboxyanhydride, urethane acyla
tion occurred before the activated intermediate was coupled to the Val-resin. A mechanism for this side reac
tion is proposed that involves disproportionation of a mixed anhydride of Bpoc-Gly to the symmetrical anhy
dride, and intramolecular rearrangement of the latter to form Af-Bpoc-N-(Bpoc-Gly)-Gly, which is subsequently 
activated by anhydride interchange. Urethane acylation also occurred with Bpoc-alanine as the protected 
amino acid, with isobutyl chlorocarbonate as the activating agent, or with IV-methylmorpholine as the base. Al
though symmetrical anhydrides rearranged slowly, the rate increased markedly on addition of triethylamine 
hydrochloride. Rearrangement was dependent on temperature and time of mixed anhydride formation and was 
undetectable after activation at -15° for 10 min and coupling at -15° for 2 hr. No urethane acylation (<0.1 
mol %) was observed during coupling of Bpoc-Gly activated with dicyclohexylcarbodiimide under standard 
solid-phase conditions.

A solid phase synthesis of the model peptide, L-leucyl- 
L-alanylglycyl-L-valine, by the mixed anhydride method3-5 
produced an undesired by-product. The new substance, 
representing over 4% of the total product, did not corre
spond with any of the di- or tripeptides that might have 
arisen by incomplete coupling or deprotection reactions.
Instead, it resulted from urethane acylation. The by-prod
uct was isolated and identified as Leu-Ala-Gly-Gly-Val.
Some evidence for the mechanism of the acylation reac
tion has been obtained and conditions by which it can be 
avoided have been defined.

Mixed anhydride coupling has been applied in a few in
stances in solid-phase synthesis6-8 and symmetrical anhy
drides are finding increased use.9 -12  Several side reac
tions, including urethane acylation, are known to occur 
during conventional syntheses in solution with mixed car
boxylic-carbonic anhydride coupling and have been dis
cussed in a review by Albertson .13 As far as we know, this 
is the first time urethane acylation has been recognized to 
have occurred during a solid-phase synthesis with anhy
dride activation.

Results and Discussion
The initial observation was made following a synthesis 

of Leu-Ala-Gly-Val by solid-phase methods14 in which 
mixed carboxylic-carbonic anhydrides were used in place 
of dicyclohexylcarbodiimide for the coupling reactions.
The completed tetrapeptide resin was cleaved with HF 
and the crude product mixture was fractionated directly 
on a cation-exchange column of an amino acid analyzer as 
described elsewhere.15  High loading with the peptide 
products gave a very large peak for the desired tetrapep
tide and allowed a good separation and a sensitive mea
sure of the various peptide by-products present. A typical 
chromatogram is shown in Figure 1 . The peaks were iden
tified and quantitated by comparison with synthetic stan
dards.

Attempts were made to eliminate or reduce the amount 
o f the peptide eluted at 189 min by varying the reaction 
conditions (Table I). Changes in the amino-protecting 
group, the washing procedure, and the alkyl group of the 
chlorocarbonate did not markedly change the quantity of 
this unknown peptide, although replacing the hydroxy
methyl resin by a chloromethyl resin (runs 6 and 7 ),

Detection of LAGGV after Mixed Anhydride Coupling

Figure 1. Detection of Leu-Ala-Gly-Gly-Val (LAGGV) after 
mixed anhydride coupling. Separation was on the long column 
(0.9 X 60 cm) of a Beckman 120B amino acid analyzer packed 
with AA-15 sulfonated copoly(styrene-8% divinylbenzene) beads. 
Elution was at 56°, 66 ml/hr, with pH 3.49 sodium citrate buffer 
(0.2 AO. Peptides were detected by the ninhydrin reaction.

which introduced some quaternary ammonium sites, did 
cause a moderate increase in the by-product. Examination 
of the product distribution resulting from these mixed an
hydride couplings also shows that, in addition to the un
known peptide at 189 min, appreciably more deletion pep
tides were formed under these conditions than were 
formed by DCC couplings. The best conditions for DCC 
coupling gave less than 0 .1 % of any of the deletion pep
tides or of the unknown peptide.

In order to identify the 189-min peptide a preparative 
run on the same ion-exchange column was made. A por
tion (80%) of the column effluent was diverted to a frac
tion collector while the remainder was passed through the 
ninhydrin analytical system of the analyzer. Hydrolysis 
and amino acid analysis of the peptide eluted at 189 min 
gave Gly, 1.97; Ala, 1.00; Val, 1.04; Leu, 0.85. This result 
suggested that 2  mol o f glycine had been added during the 
first synthetic cycle to subsequently give Leu-Ala-Gly- 
Gly-Val. This pentapeptide was synthesized by the usual 
solid-phase method using DCC coupling and shown to 
elute also at 189 min. Since the isolated by-product from 
the mixed anhydride synthesis and the pentapeptide stan-
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Peptides Detected after Solid-Phase Synthesis of Leu-Ala-Gly-Val under Various ConditionsTable I

Resin % TFA for Propanol Activation
Run derivative® deprotections6 washes0 reagent^

2- Coupling ------------------------------ Peptide products, mol % e-----------------------------
time, LAGV LAV LGV AGV GV +  AV LV LAGGV
min (234) (324) (385) (201) (266) (450) (189)

1 HOCHjR 1 , 1 , 1 — EtOCOCl 1 2 0 89.7 0.0 1.05 3.00 1.87 0 .0 4.45
2 HOCH,R 2 0 , 1 , 1 — EtOCOCl 1 2 0 91.9 0.37 0.64 1.57 0.27 0.27 4.98
3 HOCH2R 2 0 , 1 , 1 + EtOCOCl 1 2 0 91.4 0.43 0.54 2; 19 0.43 0.0 4.02
4 h o c h 2r 2 0 , 1 , 1 — EtOCOCl 5 89.2 0.0 2.09 2.74 0.23 0.0 5.82
5 h o c h 2r 2 0 , 1 , 1 — BmOCOCl 1 2 0 92.4 0.0 0.48 2 . 2 0 0 .0 0.0 4.89
6 CICH2R 2 0 , 1 , 1 + EtOCOCl 1 2 0 87.9 0.0 0 . 2 2 2 . 1 0 1.72 0 .0 8.09
7 C1CH2R 2 0 , 1 , 1 + EtOCOCl 1 2 0 90.5 0.0 0.50 2.23 0.23 0.0 6.54
8 c i c h 2r 2 0 , 1 , 1 + DCC 1 2 0 98.7 0.25 0.0 0.82 0.18 0.0 0.0
9 c i c h 2r 1 0 , 1 0 , 1 0 + DCC 120 X 2 99.8 0 .0 0 0.09 0.08 0.05 0 .0 0 0 .0 0

a R represents a copoly (styrene!—1  % divinylbenzene) bead. The hydroxymethyl resin was esterified by the N ,N '-■carbonyl-
diimidazole method with Bpoc-Val for run 1  and with Boc-Val for runs 2-5. The chloromethyl resin was esterified by the 
triethylamine method with Boc-Val for runs 6 - 8  and with Bpoc-Val for run 9. b Percentage o f TFA tin CH>C1>. used in the 
three deprotection steps o f the syntheses; Boc was removed by 20% TFA and Bpoc by 1% TFA except for run 9, in which 
10% TFA  was used for removal of the Bpoc group. c Three washes with 2-propanol were inserted between the standard CH 2CI2 
washes following the deprotection, neutralization, and coupling steps. * Mixed anhydrides were prepared by treating 1.0 
equiv o f Bpoc-amino acid with 0.9 equiv of chlorocarbonate and 1.0 equiv o f triethylamine in CH2CI2 at 0° for 30 min. 8 Sepa
rated on the long column (0.9 X 60 cm) of AA-15 sulfonated polystyrene on a Beckman 120 B amino acid analyzer. A  sample 
containing about 1.4 ¿unol of total peptides was applied in 1.0 ml of buffer and eluted at 56° with pH 3.49 citrate buffer at 
6 6  m l/hr. The elution time in minutes for each peptide is shown in parentheses, expressed as mole per cent of the ninhydrin- 
positive free peptides after correction for color constants. Blocked peptides, such as those resulting from wrong-way addition, 
would not be detected.

Table IISeparation of Peptide Standards on the Amino Acid Analyzer“
Compd Elution time, min

Gly 74
Val 98
Gly-Gly-Gly-Gly-Gly-Gly 128
Gly-Gly-Gly-Gly-Gly 144
Gly-Gly-Gly-Gly 161
Gly-Gly 176
Gly-Gly-Gly 194
Gly-Gly-Val 218
Gly-Val 268

0 0.9 X 60 cm Beckman AA-15 column, sodium citrate 
buffer, pH 3.49, 0.2 N , 6 6 ml/hr, 56°.

dard were found to be indistinguishable when cochroma
tographed, it was concluded that the by-product of the 
synthesis was Leu-Ala-Gly-Gly-Val.

For further study of the side reaction leading to the in
corporation of two glycine residues during the single gly
cine coupling step, the system was simplified by examin
ing only the glycine coupling reaction. The appropriate 
standard peptides, Gly-Val, Gly-Gly-Val, Gly-Gly, Gly- 
Gly-Gly, and Gly-Gly-Gly-Gly, were shown to be separa
ble from each other and from glycine and valine on the 
analyzer column (Table II). Synthesis of Gly-Val by the 
mixed anhydride method with ethyl chlorocarbonate and 
triethylamine produced appreciable amounts of Gly-Gly- 
Val.

For convenience and comparison with DCC experi
ments, the initial couplings were carried out at 25° in the 
presence of 5 equiv of Val-resin. Under these conditions 
the total yield of peptides and the proportion of Gly-Gly- 
Val were functions of the temperature and time of activa
tion before addition of the Val-resin (Table III). Thus, ac
tivation at 0° for 10 min gave only 0.26% Gly-Gly-Val, but 
the by-product increased to 2.5% in 2 hr and to 90% in 24 
hr. The overall yield of coupling decreased from 85% after 
10 min to 30% after 24 hr at 0°. When the anhydride solu
tion was held for 24 hr at 25° prior to coupling the yield 
dropped to only 1.5%. Formation of the anhydride at 0° 
for 2 hr and coupling at 0° instead o f 25° decreased the 
yield of by-product only slightly. When the synthesis was 
conducted under more nearly standard conditions for the

Table IIIEffect of Temperature and Time on the Formation of Gly-Gly-Val from Val-Resin and the Mixed Anhydride of Bpoc-Gly and EtOCOCl
-—Activation—- Coupling®

Temp, Time, temp, % of Gly Mol % of free peptides 
Run °C min °C coupled Gly-Val Gly-Gly-Val

1 0 1 0 25 85 99.7 0.26
2 0 1 2 0 25 71 97.5 2.5
3 6 0 1 2 0 25 54 98.2 1 . 8
4 0 1 2 0 0 64 98.5 1.5
5 0 1440 25 30 1 0 . 0 90.0
6 0 2880 25 26 7.0 8 8 .8 “
7 25 1440 25 1.5 48 52
8 -1 5 1 0 -1 5 42 1 0 0 .0 0 .0

a Coupling time was 2  hr. 6 Et?N was replaced by
methylmorpholine. <■ In addition to the di- and tripeptides, 
2.5% o f Gly-Gly-Gly-Val and 1 .8 % o f Gly-GIy-Gly-Gly- 
Val were found.

mixed anhydride method (activation at —15° for 10 min 
and coupling at —15° for 2 hr) there was no detectable 
Gly-Gly-Val (<0.1% ). The overall yield, however, was 
only 42%, suggesting incomplete activation16 or wrong
way addition .13  Substitution of N-methylmorpholine for 
triethylamine only reduced the yield of Gly-Gly-Val from 
2.5% to 1.8% when the activation was for 2 hr at 0°.

When 1.0 mmol of Bpoc-Gly was activated for 48 hr at 
0° and then coupled to Val-resin (run 6 , Table EH), 0.009 
mmol of Gly-Val and 0.116 mmol of Gly-Gly-Val were 
found. In addition, 0.0033 mmol of Gly-Gly-Gly-Val and
0.0024 mmol of Gly-Gly-Gly-Gly-Val were also observed. 
These peptides accounted for 26% of the starting Bpoc- 
Gly. In a separate experiment, the filtrate from the cou
pling reaction was treated with TFA (to deprotect Bpoc- 
containing components) and found by ion-exchange chro
matography to contain 0.007 mmol of Gly, 0.030 mmol of 
Gly-Gly, 0.004 mmol of Gly-Gly-Gly, and 0.002 mmol of 
Gly-Gly-Gly-Gly. Thus, 8.7% of the initial Bpoc-Gly was 
found as free, uncoupled peptides. In addition, 18% of the 
original Bpoc-Gly was found in the acid-treated filtrate in 
the form of a ninhydrin-negative product, which was as
sumed to have been the diketopiperazine derived from
l,4-di-Bpoc-piperazine-2,5-dione by analogy with the re
sults o f Zaoral and Rudinger.17  When the filtrate was 
subjected to gas chromatography, 1 8 ’19 the presence of a
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Formation of Gly-Gly-Val during Symmetrical Anhydride or Standard DCC CouplingsTable IV

. . .

EtsN • HCi Coupling method Yield, % aRun
Ac Li v y L1011 

Temp, °C Time, min Gly-Val Gly-GIy-Vi

1 2 5 1 0 __ S A C 10 0 1 0 0 .0 0 . 0

2 2 5 1 2 0 — S A 8 70 1 0 0 .0 0 . 0

3 2 5 14 4 0 — S A 8 2 4 9 6 .5 3 . 3

4 2 5 1 2 0 + S A C 65 9 1 . 4 8 .6
5 2 5 14 4 0 + S A e 45 8 4 .5 1 5 . 2
6 0 ° 1 2 0 + S A 8 8 1 9 3 7
7 2 5 ° 1 2 0 — S A <* 6 2 9 9 .7 0 .3 4
8 — D C O 10 0 1 0 0 .0 0 .0
9 + D C C 8 10 0 9 9 .8 0 .2 4

°  T h e  y ie ld  o f  t h e  s y m m e t r ic a l a n h y d r id e  (S A )  r u n s  is  b a s e d  o n  th e  th e o r e t ic a l a m o u n t  o f  a n h y d r id e  t h a t  c o u ld  b e  fo rm e d ; 
i f  b a s e d  o n  B p o c - G ly ,  i t  w o u ld  b e  1/ i o f  t h e  v a lu e s  s h o w n . T h e  y ie ld  o f  th e  D C C  r u n s  is  b a s e d  o n  th e  V a l - r e s in ,  w h ic h  is  
l im it in g ;  i f  b a s e d  o n  th e  excess B p o c - G ly  th e  v a lu e s  w o u ld  b e  * /4 o f th o s e  s h o w n . b A f t e r  c o u p lin g , th e  p e p t id e s  w e re  c le a v e d  
fr o m  t h e  r e s in  w it h  H F  c o n t a in in g  1 0 %  a n is o le  a t  0 °  fo r  1  h r .  T h e  c r u d e  m ix t u r e  w a s e x t ra c te d  fro m  th e  r e s in  a n d  f r a c 
t io n a t e d  o n  a n  io n -e x c h a n g e  c o lu m n  (0.9 X  60 c m , p H  3 .4 9  c it r a t e ) .  8 B p o c - G ly  ( 1  e q u iv )  w a s  a c t iv a t e d  w it h  0 .5  e q u iv  o f  
D C C  in  C H 2C I 2 e it h e r  w it h o u t  o r  w it h  1  e q u iv  o f  E t 3N  H C 1 .  V a l - r e s in  (2  e q u iv )  w a s t h e n  a d d e d  a n d  c o u p lin g  w a s  c o n t in u e d  
fo r  2  h r  a t  2 5 ° .  d B o c - G l y  ( 1  e q u iv )  w a s  a c t iv a t e d  w it h  D C C  ( 1  e q u iv )  in  C H 2C I 2 fo r  2  h r  a n d  th e n  c o u p le d  w it h  V a l - r e s in  
(3 e q u iv )  fo r  2  h r  a t  2 5 ° .  8 B p o c - G ly  (4 e q u iv )  w a s  a d d e d  to  V a l - R e s in  ( 1  e q u iv )  in  C H 2C I 2 a n d  s t ir r e d  fo r  1 0  m in  e it h e r  w it h 
o u t  o r w it h  4  e q u iv  o f  E t :iN  H C 1 .  D C C  (4 e q u iv )  w a s  t h e n  a d d e d  a n d  c o u p lin g  w a s  c o n t in u e d  fo r 2  h r  a t  2 5 ° .

component which cochromatographed with an authentic 
sample of glycine diketopiperazine was demonstrated.

Urethane acylation is not limited to glycine, although it 
probably proceeds faster with the unhindered amino acid. 
For example, treatment of Bpoc-Ala with EtOCOCl and 
Et3N for 25 hr at 0°, followed by coupling with Val-resin, 
gave a low yield of a peptide mixture composed of 14% 
Ala-Ala-Val and 8 6% Ala-Val.

Several other coupling methods were examined to de
termine whether or not the side reaction is limited to the 
mixed anhydride procedure. The symmetrical anhydride, 
(Bpoc-Gly)2 0 , was prepared by treating Bpoc-Gly with
0.5 equiv of DCC in CH2CI2 . After various times at 0° or 
25° the reagent was mixed with excess Val-resin and al
lowed to couple for 2 hr at 25°. In separate runs, 1  equiv of 
Et3N-HCl was added to simulate the amount of this salt 
formed during a mixed anhydride coupling. Finally, a 
conventional DCC coupling was examined for comparison. 
In this experiment 4 equiv of Bpoc-Gly and 1  equiv of 
Val-resin were mixed and stirred for 10 min at 25° either 
with or without 4 equiv of Et3N-HCl. Then 4 equiv of 
DCC was added and coupling was continued for 2 hr at 
25°. The results of these experiments are summarized in 
Table IV. In the absence of Et3N-HCl the symmetrical 
anhydride produced no Gly-Gly-Val in 1 0  min or 2  hr and 
only 3.3% after 24 hr at 25°. The presence o f Et3N-HCl 
caused a marked increase, however, and even at 0 ° for 2 
hr 7% Gly-Gly-Val was formed (compare run 6 , Table IV 
with run 2, Table III). The standard DCC coupling gave 
no detectable Gly-Gly-Val (0.1%), but 0.24% was found 
when 4 equiv of Et3N-HCl was present.

When 0.53 mmol of Boc-Gly was treated with 0.53 
mmol of DCC for 2 hr at 25°, and the CH2CI2 -soluble 
fraction was deprotected with TFA and dissolved in 
water, the product consisted of a mixture of 0.24 mmol of 
Gly and 0 .1 2  mmol of Gly-Gly. Since the starting material 
was free of Gly-Gly derivatives, it was concluded that the 
intermediate isourea, or symmetrical anhydride-DCC 
complex, underwent an acylation reaction at the urethane 
nitrogen in a manner analogous to that reported by De 
Tar, et a l.,20 for the benzyloxycarbonyl derivative. When
0.53 mmol of Boc-Gly was treated with 0.53 mmol of DCC 
for 2 hr at 25° as before, and then was treated with excess 
Val-resin, the resin-derived product consisted of a mixture 
of 0.16 mmol of Gly-Val and 0.0005 mmol of Gly-Gly-Val. 
These data are consistent with the view that essentially 
all of the Gly was still present as the reactive symmetrical 
anhydride after 2  hr. On the other hand, only a trace

(0.4%) of the rearranged Gly-Gly product produced during 
the activation period was in activated form that could 
couple with the added Val-resin. This can be rationalized 
best in terms of the intramolecular mechanism to be dis
cussed later and argues against a mechanism in which the 
Boc-glycyl isourea would acylate itself by an intermolecu- 
lar pathway. When DCC was added to Boc-Gly that was 
already in the presence of Val-resin and the mixture was 
allowed to couple for 2  hr at 25°, no Gly-Gly-Val was pro
duced.

Evidence for the structure of the resin-bound product 
leading to Gly-Gly-Val was obtained by comparing the 
number o f Bpoc groups with the amino acid composition. 
The mixed anhydride was prepared by incubating 19.3 
/umol o f Bpoc-Gly with equivalent amounts o f EtOCOCl 
and Et3N in CH2CI2 at 0° for 24 hr. An excess (112 /¿mol) 
of Val-resin was added and coupling was continued for 2 
hr at 25°. The thoroughly washed resin was deprotected 
by treatment with 1 % TFA in CH2 CI2 . The increased ab
sorbance o f the TFA solution at 261 nm due to 2-(4-bi- 
phenylyl)propene (e 1.74 x  104) corresponded to 7.60 pmol 
of Bpoc groups. Subsequent HF cleavage of the resin and 
chromatographic analysis of the resulting peptides re
vealed the presence of 0.34 ¿¿mol of Gly-Val, 3.39 pmol of 
Gly-Gly-Val, and 87.3 /umol of free Val. Assuming that
0.34 /umol of Bpoc was bound to the Gly-Val, then 7.26 
/umol of Bpoc was bound to 3.39 /¿mol of Gly-Gly-Val 
(ratio 2.11:1). This indicates clearly that the protected 
resin-bound tripeptide contained two Bpoc groups for 
every Val residue, or an average of one Bpoc per Gly resi
due. The data are consistent with structure I. .V-biphenyl- 
isopropy loxy carbonyl-A^-ibiphenylisopropyloxycarbonyl- 
glycy 1 ) glycylvalyloxymethyl resin.

On the Mechanism of the Reaction. Four mechanisms 
have been considered to explain the appearance of addi
tional amino acid residues in peptides from solid-phase 
syntheses in which anhydride methods were used.

A. Acylation of the Amide Nitrogen of Bpoc-Gly-Val- Resin and Insertion. Brenner2 1 has proposed that net in
sertion of an amino acid can be effected through N-acyla- 
tion of an amide bond of a peptide backbone by an acti
vated N-protected amino acid followed by intramolecular 
cyclization and ring opening. Mitchell and Roeske22 de
tected no triglycine, however, on treating Boc-Gly-Gly- 
resin with 10 equiv each of Boc-Gly and DCC followed by 
deprotection in acid and treatment with triethylamine. 
The same experiment was repeated in this study, using 
mixed anhydride activation of Boc-Gly, and no formation
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Table VStability of Amide and Urethane Nitrogen Atoms toward Several Acylating Agents
-—Products, mol %°—-

Amide or urethane Reaction Starting Acylated
No. component Acylating agents (activating conditions) time, hr material product Ref

1 Boc-Gly-Val— R b Boc-Gly EtOCOCl +  Et3N (30 min, 0 °) 2 10 0 0 C
1  equiv 4 equiv 4 equiv 4 equiv

2 Boc-Gly-Val— R Boc-Gly +  DCC (10 min, 25°) 2 10 0 0 c
1  equiv 4 equiv 2 equiv

3 Boc-Gly-Val—R Boc-Gly +  DCC 2 10 0 0 c
1  equiv 4 equiv 4 equiv

4 Boc-Gly-Val— R Leucine IV-carboxyanhydride 24 10 0 0 c
1  equiv

0
1 0  equiv

5
11

Z-NH (C H2) 5C— R Boc-Gly -f  Bu'OCOCl +  Et3N (15 min, - 1 0 °) 1 2 10 0 0 c
1  equiv 

O
86  equiv 81 equiv 86 equiv

6
II

Z-NH (CH 2)6C—R Boc-Gly +  DCC (10 min, 25°) 1 2 10 0 0 c
1  equiv 81 equiv 81 equiv *

7 Boc-Gly-Gly— R Boc-Gly +  Bu'OCOCl +  Et3N  (15 min, - 1 0 °) 2 10 0 0 c
1  equiv 68 equiv 64 equiv 68 equiv

8 Boc-Gly-Gly— R Boc-Gly +  DCC 24 10 0 0 14
1  equiv

O
1 0  equiv 1 0  equiv

9
II

Z-NH CH RC-NH 2 Z-NHCHRCOOH +  EtOCOCl +  Et3N 0 23
10 Z-Ala-NH2 Z-Gly-Cl 0 23

® Products from runs 1 - 6  were separated and quantitatively measured on the amino acid analyzer following deprotection 
and cleavage from the resin by HF or HBr. After the attempted acylation reaction in runs 7 and 8 , the peptide resin was 
deprotected with TFA, treated with 10% Et:,N- CH 2C12, and then cleaved with HBr. A portion of the peptide resin from run 1  
was similarly treated and no acylated product was detected. Limit o f detection was 0.1 mol % . 1 R  represents oxymethyl- 
copoly (styrene-1 % divinylbenzene).c This study.

H3C CH3
CH3 0 H o O H CH o

I

of triglycine was observed. Similarly, treatment of Bpoc- 
Gly-Val-resin with Bpoc-Gly-OCCUEt did not lead to the 
formation of Gly-Gly-Val (Table V). These results support 
the original contention22 that the Brenner mechanism is 
not a significant side reaction during solid-phase peptide 
synthesis.

In the context of amide reactivity, Antonov and Shem- 
yakin24 studied the reaction of protected peptide esters 
with acylating agents of higher reactivity than those used 
in the present study. Phthalylglycyl chloride was found to 
acylate not the amide nitrogen, but the urethane nitrogen 
of iV-benzyloxycarbonyl dipeptide esters. Acylation of the 
peptide bond in a phthalyl dipeptide ester was effected 
through the use o f a more potent acylating agent, azido- 
acetyl chloride, at reflux in toluene for several hours. In 
light of the nonreactivity of amide nitrogens toward the 
less active acylating agents (Table V) it is interesting that 
Fankhauser, et a l.,2B have recently described a model sys
tem in which amide acylation (and subsequent insertion)

was thought to have occurred during solid-phase peptide 
synthesis. It appears, however, that other interpretations 
of their data are possible.

B. Acylation of the Urethane Nitrogen of Bpoc-Gly - Val-Resin. This mechanism involves coupling of activated 
Bpoc-Gly to Val-resin and N-acylation of the urethane 
bond of the resulting Bpoc-Gly-Val-resin by a second 
equivalent of activated Bpoc-Gly. However, the effects of 
temperature and activation time of the mixed anhydride 
indicated that the side reaction was occurring in solution 
during the activation step rather than after the coupling 
reaction between Boc-Gly-OCC^Et and Val-resin. This 
conclusion was confirmed by treatment of Boc-Gly-Val- 
resin with excesses of Boc-Gly-OCOzEt, (Boc-Gly)zO, Boc- 
Gly +  DCC, or leucine iV-carboxyanhydride. No Gly-Gly- 
Val or Leu-Gly-Val was obtained (Table V), indicating 
that the urethane nitrogen was not acylated under these 
conditions. Attempts to acylate the urethane bond of 6 - 
(benzyloxycarbonylamino)hexanoyl resin with large ex-
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cesses of Boc-G ly-O C 02Bui or Boc-Gly +  DCC were also 
unsuccessful.C. Acylation of the Amino Nitrogen via an iV-Carboxy- anhydride. Bodanszky, et a l.,26 recently reported that 
activation of Boc-amino acids with DCC in CH2CI2 gave 
rise to a precipitate that contained ninhydrin-positive 
material. They pointed out that intermediate Boc-amino 
acyl isourea contains a good anionic leaving group and a 
potential cation of high stability and that the presence of 
two oppositely polarized centers in such a molecule favors 
the formation of an N-carboxyanhydride (NCA) which, 
following hydrolysis, could account for the ninhydrin-posi
tive product. By this reasoning Bpoc-Gly anhydride (or 
Boc-Gly anhydride) should also form the NCA and subse
quently give rise to Gly-Gly-Val as shown in Scheme I. 
Thus, if a small amount of NCA were to form it would 
react rapidly with the large excess o f Val-resin to produce 
a mixture of Gly-Val-resin and Val-resin (very little poly- 
glycyl-valine-resin would be expected from an NCA’ poly- 
merization process because of the excess amine initiator). 
The remaining Bpoc-Gly mixed anhydride would then 
react to give Bpoc-Gly-Val-resin and Bpoe-Gly-Gly-Val- 
resin. By this mechanism the resin-bound tripeptide 
would contain Bpoc and Val in a ratio of 1:1. However, it 
was found (run 6 , Table III) that the ratio was 2.11:1.

Scheme I
The N-Carboxvanhydride as a Possible Intermediate 

Leading to Gly-Gly-Val
CH3 0  H 0  0

CH 3

n
CH 3 0  H  0

Il I II
+  C — N — C H „— C +  CO , +  EtO H

I ‘ I
CH2 1--------------------- 0

Val— R
(excess)

Bpoc-Gly-Gly-Val— R Gly-Val —  R
+  ■*-------  +

Bpoc-Gly-Val— R Val— R

During the activation and incubation steps, before addi
tion o f the Val-resin, an appreciable amount of NCA 
should have accumulated if this were the mechanism of 
the side reaction. In an experiment (run 5, Table III) 
where 27% of the Boc-Gly eventually appeared as Gly- 
Gly-Val, no carboxyanhydride could be found by infrared 
spectroscopy. As little as 5% of Gly NCA would have been 
detected by its characteristic absorption at 1857 cm -1 . 
Thus Gly NCA did not accumulate during the activation 
step and does not appear to be on an important route to 
the observed Gly-Gly-Val.

D . Acylation of the Urethane Nitrogen of Bpoc-Gly Anhydride. The probable mechanism for the formation of 
N-Bpoc-jV-(Bpoc-Gly)-Gly-Val-resin involves the acylation 
of the urethane nitrogen of Bpoc-Gly anhydride in solu
tion, followed by coupling of the resulting glycylglycine 
derivative with Val-resin. The acylation reaction might 
occur intermolecularly or intramolecularly.

As far as we are aware, this is the first time the ure
thane acylation reaction has been recognized to have oc

curred during a solid-phase synthesis, although it is well 
known to occur during conventional syntheses in solution 
with mixed carboxylic-carbonic anhydrides. Kopple and 
Renick27 found that activation of Z-Gly with ethyl chloro- 
carbonate and triethylamine for 10 min at -5 ° , followed by 
coupling with glycine ethyl ester, gave rise to a 30% yield 
of a by-product containing two Z-Gly residues per glycine 
ester. Treatment with HBr-HOAc yielded the linear tri
peptide, HBr-Gly-Gly-Gly-OEt. The initial product was 
deduced to be N-Z-N-iZ-Gly)-Gly-Gly-OEt. It was as
sumed that this diacylamide was formed by reaction of 
the mixed anhydride with glycine ethyl ester and acyla
tion of the resulting Z-Gly-Gly-OEt by another equivalent 
of the mixed anhydride. Similarly, Schellenberg and Ull
rich28 found 17% of crystalline N-Z-N-(Z-Gly)-Gly-Glu- 
(0 Et)2 following the coupling of diethyl glutamate with 
the mixed anhydride of Z-Gly and isobutyl chlorocarbo- 
nate. The expected Z-Gly-Glu-(OEt)2 was obtained in 
66-71% yield from the filtrates. No mechanism was pro
posed. Determann29 treated the reaction product of Z-Phe 
and ethyl chlorocarbonate with NaOH and isolated 1 -ben- 
zyloxycarbonyl-3-(2-benzylacetic acid)-5-benzylhydantoin. 
He concluded that one molecule of the mixed anhy
dride had undergone an attack by the nucleophilic nitro
gen of another molecule in an intermolecular acylation to 
give jV-Z-jV-(Z-Phe)-Phe-OCOOEt, which then underwent 
ring closure in alkali, with loss of benzyl alcohol, to give 
the hydantoin. Kotake and Saito30 obtained an 85% yield 
of N-Z-N-(Z-Gly)-Gly after treatment of (Z-Gly) 2 0  with 
Et3N (0.1-1 equiv). The high yield suggests, but does not 
prove, that the acylation reaction was intram olecular.

Urethane acylation is not limited to symmetrical car
boxylic anhydrides and mixed carboxylic-carbonic anhyd
rides. This side reaction was first observed by Wieland 
and Heinke31 when Z-Gly was activated by the phosphor
ous oxychloride method. The product, N -Z -N -(Z-Gly)- 
Gly, was obtained in 30% yield.

Neither is the acylation reaction limited to N a -ure
thane -protected amino acids; Zaoral and Rudinger17  ob 
served it when the mixed anhydride formed from tosylgly- 
cine and sec-butyl chlorocarbonate in pyridine was treated 
with aniline. They actually isolated ten crystalline prod
ucts from the single reaction mixture, including 15% of 
N -T os-7V-(Tos-Gly) -Gly anilide. Several mechanisms for 
the origin of the observed products were discussed in some 
detail. One way in which imides such as Tos- 
NHCH2C (=0)-iV -T os-C H 2COOH could arise under the 
conditions of a mixed anhydride synthesis was via an O to 
N shift that would allow for a mobile equilibrium be
tween T os-NHCH2C (= 0 )O C (= 0 )C H 2NH-Tos and Tos- 
NHCH2C(—0 )-N -T os-CH2COOH. This process requires 
first that the symmetrical anhydride be formed by dispro
portionation of the mixed carboxylic-carbonic anhydride. 
Indeed, several reactions, all of which were expected to 
give the symmetrical anhydride (Tos-Gly)2 0 , were found 
to lead invariably to (V-Tos-N-(Tos-Gly)-GIy. Evidence for 
the existence o f both species was obtained when the reac
tion between Tos-Gly-Cl and Tos-Gly was followed by in
frared spectroscopy. They concluded that it was unlikely 
that disproportionation under the conditions used for the 
mixed anhydride would be sufficiently extensive to ac
count for all of the imide actually isolated (~ 56% ). In ad
dition, disproportionation requires C 0 2 evolution, but 
they observed none. For these reasons it appeared likely 
that direct acylation of tosyl-glycine, or more probably of 
the mixed anhydride, by a second molecule of the mixed 
anhydride also occurred.

Thus, the widely observed side reaction leading to the 
incorporation of two residues o f glycine instead of only one 
has been attributed to acylation of the urethane nitrogen
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of a protected dipeptide ester,27 o f an N-protected amino 
acid, 17  or of an N-protected amino acid mixed anhy
dride2 9 -31 by Lntermolecular reactions, or, in part, to acyl
ation of an N-protected amino acid symmetrical anhy
dride by an intramolecular reaction .1 7 -30 

Evidence gathered in this study of the side reaction 
during solid-phase synthesis favors the view that it occurs 
by an intramolecular rearrangement as outlined in path
way A, Scheme H. Thus, Bpoc-Gly-OC02Et (H), first 
formed in solution from Bpoc-Gly and EtOCOCl, dispro- 
portionates to the symmetrical anhydride (Bpoc-Gly)20  
(ID), which undergoes an intramolecular acylation to give 
iV-Bpoc-iV-(Bpoc-Gly)-Gly:OH (IV). This diacyl dipep
tide, which is not activated for coupling, would then be
come activated by an anhydride interchange with other 
anhydride species present in solution, such as mixed an
hydride (H) or symmetrical anhydride (III), to give N - 
Bpoc-N-(Bpoc-Gly)-Gly-0-Gly-Bpoc (V) or [N-Bpoc-N- 
(Bpoc-Gly)-Gly]2Ô (VI), or possibly IV-Bpoc-lV-(Bpoc-Gly)- 
Gly-OCCUEt (VU). After the activation period, during 
which these reactions could occur, each of the anhydride 
species would then couple with the excess Val-resin to 
give a mixture of Bpoc-Gly-Val-resin (VIH) and N-Bpoc- 
7V-(Bpoc-Gly)-Gly-Val-resin (I) in proportion to their con
centrations. Deprotection and cleavage from the resin by 
HF would then give the di- and tripeptides finally ob
served. During the anhydride interchange reactions (e.g 
V —» VI) additional symmetrical anhydride would be ex
pected to form and would recycle to lead to more of the 
diacyl dipeptide anhydrides (V, VI, VII).

33 and 67% if the product were all Gly-Gly-Val. The alter
native route (pathway B, Scheme II) would involve the in- 
termolecular generation of VII directly from II. By this 
route up to 10 0 % of glycine could be incorporated, either 
as Gly-Val or Gly-Gly-Val. When Bpoc-Gly, EtOCOCl, 
and EtaN were incubated at 0° for 24 hr, and then treated 
with Val-resin, Gly-Val and Gly-Gly-Val were found in a 
molar ratio of 1:10. The coupling yield based on Bpoc-Gly 
was 37%. However, the pathway cannot be deduced from 
yield alone because a complete accounting of materials 
was not made and side reactions could markedly reduce 
the overall yield. It is important to note that the amino 
acid and peptide products observed in this study were de
tected by the ninhydrin reaction after chromatography. 
The presence of blocked products resulting from wrong 
way addition would not be measured by this analytical 
system.

The diketopiperazine IX is thought to be another inac
tivation product.17  It was observed that prolonged stand

e e  
/  \

Bpoc— N C = 0
I I •

0 = C  N— Bpoc
\ /

ch2

IX

ing of an activation solution at 25° led to a very low cou
pling yield. The filtrate contained a ninhydrin-negative

Scheme II
Mechanisms Leading to the Rearrangement Product, Gly-Gly-Val, via Urethane Acylation
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By the symmetrical anhydride route the maximum in
corporation of glycine would be 50% if the product were 
all Gly-Val and, depending on the relative rates of the in
dividual reactions, the maximum yields would be between

component which gave rise on hydrolysis to a quantity of 
glycine approximately equal to that which had coupled to 
Val-resin. The presence of the diketopiperazine was estab
lished by gas chromatography.1 8 '19
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The main reason for rejecting the intermolecular acyla
tion (pathway B) as the major route is the complete lack 
of reactivity of the urethane nitrogen of resin esters X, XI, 
and XII with various amino acid anhydrides, including

HiCv /C H 3
o  c i r  o
Il I II

Bpoc— NHCH2—  C—  NHCH— COCHs 

X

0  0

z — nhch2— c — nhch2— coch2— <( ))— R

XI
0  0

Il II
Boc— NHCH2— C— NHCH2— COCH2 

XII
0

z — N H (C H 2)5— C — O CH 2 — ( ^ ) — R

xra
Bpoc-Gly-OC02Et, Boc-G ly-O C02Bu', (Bpoc-Gly)2 0 , 
B poc-G ly -0 -C (=N C 6H i1 )NHC6H n, and Val-NCA. In 
addition, large excesses of Boc-Gly-OCO^Bu* or Boc-Gly 
+ DCC were unable to effect acylation of XIII. Moreover, 
the reaction did not occur in solution between Z-amino 
acid amides or anilides and mixed anhydrides.23 It seems 
unlikely that the urethane nitrogen of Bpoc-Gly-OCC>2Et 
would be appreciably more reactive toward acylation 
under these conditons. A greatly enhanced rate, however, 
could be expected from the intramolecular acylation of II 
to give III (Scheme II).

If pathway A is the actual route for the rearrangement 
of the mixed anhydride, the symmetrical anhydride 
should undergo a similar rearrangement at a comparable 
rate under the same conditions. Since the usual condi
tions for formation arid coupling of symmetrical anhyd
rides are not the same as for mixed anhydrides, the results 
cannot be compared directly. Thus, activation of Bpoc- 
Gly by 0.5 equiv of DCC in CH2C12 for 1 0  min or 2  hr at 
25°, followed by coupling with Val-resin, gave no Gly-Gly- 
Val, and activation for 24 hr gave only 3.3% (Table IV), 
whereas the mixed anhydride produced 2.5% in 2 hr at 0° 
and 90% after 24 hr (Table III). When 1  equiv of triethyl - 
amine hydrochloride was added to simulate the amount 
of this salt formed during the mixed anhydride reaction,32 
the results were quite different. Then (Bpoc-Gly)20  gave 
rise to 7% Gly-Gly-Val after standing for 2 hr at 0°. 
Therefore, the data up to 2 hr are compatible with path
way A and support the view that it is the major route to 
the rearrangement products. The data at longer times are 
complicated by low yields and undetermined by-products 
and are more difficult to rationalize.

The normal DCC coupling of Bpoc-Gly with Val-resin 
gave no detectable tripeptide, and the presence of an ad
ditional mole of DCC did not catalyze the side reaction. 
When EtsN-HCl was present, however, even the DCC 
method produced 0.26% of Gly-Gly-Val.

Rearrangement of II should produce C 0 2, and it was 
observed. The activation solution containing Bpoc-Gly + 
EtOCOCl +  Et3N in CH2C12 was placed at 25° in a closed 
cell, then underwent infrared spectroscopy. A strong, sharp 
peak at 2300 cm - 1  for C 0 2 was observed after 25 min and 
the peak was approximately twice as large after 4 hr. 
When the activation was carried out in a flask connected

to the air by a drying tube, no C 0 2 peak could be found. 
The infrared data also showed a steady drop in the mixed 
anhydride carbonyl peak at 1840 cm ' 1  with a half-time of 
about 45 min. The second anhydride peak at 1760 cm “ 1 
decreased but was replaced by an overlapping peak at 
1740 cm - 1  which is attributed to the imide carbonyl re
sulting from the acylation. The urethane carbonyl peak at 
1725 cm - 1  remained unchanged.

Conclusions
The present experiments show that substantial quan

tities of by-product can be formed during solid-phase syn
theses with the mixed anhydride method at 0°. The unde
sired product arises by an intramolecular acylation of the 
urethane nitrogen of Bpoc-glycine during the activation 
step in solution, rather than by acylation of a resin-bound 
peptide. The reaction can also occur with other amino 
acids, although at a slower rate. When the mixed anhy
dride was formed and coupled at lower temperature 
(-1 5 °) the urethane acylation could not be detected. There
fore, with respect to th is side reaction, the mixed anhy
dride method appears to be satisfactory, even with gly
cine, for solid-phase peptide synthesis. However, because 
the conditions are critical, the possibility of adding two 
residues during a single coupling step must be kept in 
mind.

The symmetrical anhydride o f Bpoc-Gly, generated by 
DCC, showed far less tendency to undergo the rearrange
ment than the mixed anhydride. The difference is corre
lated with the presence of Et3N-HCl during the forma
tion of the mixed anhydride. In addition, the standard 
DCC coupling procedure that has been used extensively 
for solid-phase synthesis produced none of the rearrange
ment product in these model systems. Thus, urethane ac
ylation represents a side reaction in solid-phase peptide 
synthesis that can be avoided under appropriate condi
tions. Experimental Section

Infrared spectra were taken with a Perkin-Elmer Model 237B 
grating infrared spectrophotometer. Melting points were taken on 
a Thomas-Hoover capillary melting point apparatus and are un
corrected. Amino acid and peptide analyses were carried out on 
Beckman amino acid analyzers (Model 120B and 121). Elemental 
analyses were performed by Mr. S. T. Bella. An F & M Model 402 
gas chromatograph was used to determine glycine diketopiperaz- 
ine as described elsewhere.18'19 The solvents used for thin layer 
chromatography (precoated 0.25-mm silica gel G plates, Anal- 
tech) were 1 -butanol-acetic acid-water (BAW) (4:1:1) and chloro- 
form-methanol-acetic acid (CMA) (17:2:1). Boc-amino acids were 
obtained from Beckman Instruments, Inc. They were checked for 
homogeneity by thin layer chromatography and for optical purity 
by the Manning and Moore method.33 Bpoc-amino acids were 
synthesized in this laboratory as cyclohexylamine or dicyclohexyl- 
amine salts and characterized as described recently.34 Gly-Val, 
Gly-Gly, Gly-Gly-Gly, and Gly-Gly-Gly-Gly were obtained from 
Schwarz Bioresearch. Gly-Gly-Gly-Gly-Gly, Gly-Gly-Gly-Gly- 
Gly-Gly, and Gly-Gly-Val were purchased from Fox Chemical Co. 
Chloromethyl methyl ether (Aldrich Chemical Co.) was distilled 
in an efficient hood before use. N.IV'-Dicyclohexylcarbodiimide 
(Schwarz), IV.iV'-carbonyldiimidazole (Aldrich), and ethyl and 
isobutyl chlorocarbonates (Eastman) were used without further 
purification. The resin support was a copolymer of styrene and 
1% divinylbenzene (Bio-Rad), 200-400 mesh. It was chloromethy- 
lated to the extent of 1.2 mmol/g and esterified with Boc-Val by a 
procedure using triethylamine35 or by the new cesium salt meth
od.36 No quaternary ammonium sites were formed with the latter 
procedure. Hydroxymethyl resin was prepared from chloromethyl 
resin via the acetoxymethyl derivative and was esterified by the 
carbonyldiimidazole procedure.37 The general procedures for 
solid-phase synthesis were similar to those described earlier14'37' 39 
but modified as indicated.

Synthesis of Leucyl-Alanyl-Glycyl-Valine by the Mixed An
hydride Method. Boc-valine-resin (1.2 g, 0.378 mmol Val) was 
placed in a water-jacketed reaction vessel and deprotected with 
40 ml of 20% trifluoroacetic acid in methylene chloride for 30 min
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at 25°. The resin was filtered, washed with CH2CI2, neutralized 
with 10% Et3N in CH2CI2, and washed with CH2C12. Bpoc-gly- 
cine (313 mg) was dissolved in 10 ml of CH2CI2 at 0° and mixed 
with 10 ml of 0.1 M Et3N and 9 ml of 0.1 M  EtOCOCl. The acti
vation mixture was stirred for 30 min at 0°, filtered, diluted to 50 
ml with CH2CI2, and added to the valine-resin. The coupling 
mixture was shaken for 2 hr at 25°, filtered, and washed with 
CH2CI2 . The Bpoc group was removed by treatment with 1% 
TFA in CH2C12 for 20 min and the trifluoroacetate was neutral
ized with 10% Et3N in CH2CI2 . Bpoc-alanine (327 mg) and Bpoc- 
leucine (468 mg) were coupled in a similar way to give the pro
tected tetrapeptide Bpoc-Leu-Ala-Gly-Val-resin. In this synthesis 
the only solvent was CH2CI2, but in other syntheses (see Table I) 
washes with 2-propanol were inserted between the CH2CI2 washes 
following deprotection, neutralization, and coupling.

Part of the peptide resin (500 mg) was cleaved in 5 ml of redis
tilled HF and 0.5 ml of anisole at 0° for 1 hr.40 After evaporation 
of the HF, the peptide was extracted from the resin with 10% 
aqueous acetic acid and then with glacial acetic acid. The com
bined filtrates were lyophilized; yield, 21 mg (40% from Boc-Val- 
resin). Amino acid analysis of the crude peptide resin showed 
Gly, 1.00; Ala, 0.95; Val, 1.05; Leu, 0.95. A second synthesis, in 
which ethyl chlorocarbonate was replaced by isobutyl chlorocar- 
bonate, gave 39 mg (74%) of crude product.

Isolation of Leu-Ala-Gly-Val and Leu-Ala-Gly-Gly-Val. Part 
(5 mg) of the crude lyophilized product from the mixed anhydride 
synthesis of Leu-Ala-Gly-Val was dissolved in 1 ml of water and 
applied to the 0.9 X 60 cm column of the Beckman 120B amino 
acid analyzer which had been modified to enable the simulta
neous analysis and isolation of peptide.41 The column was packed 
with Beckman AA-15 cation exchange resin and was equilibrated 
with pH 3.49 citrate buffer (0.2 N) at 56°. The flow rate was 66 
ml/hr. A divider pump was adjusted to remove 12 ml/hr and to 
allow the remaining 54 ml/hr to be collected in a fraction collec
tor (1.5 min/tube). The diverted stream was mixed with buffer 
pumped at the rate of 54 ml/hr and then with ninhydrin at 33 
ml/hr. The solution was passed through the reaction coil and col
orimeter of the analyzer as usual and the results were plotted on 
the recorder (Figure 1). The delay between collection of a peak in 
the fraction collector and its detection on the recorder was 15 
min. The main peak of Leu-Ala-Gly-Val (2.9 pmol) was in tubes 
139-159 (peak at 234 min). A small amount of Ala-Gly-Val (0.076 
limol) was found in tubes 127-129 (peak at 201 min) and Leu-Ala- 
Gly-Gly-Val (0.084 ^mol) was found in tubes 118-121 (peak at 189 
min). Aliquots of the three fractions were hydrolyzed and the 
amino acid ratios were determined.

Fraction Gly
— Amino a< 

Ala
3id ratio— 

Val Leu
118-121 1.97 1.00 1.04 0.85
127-129 0.90 1.00 1.01 0.05
139-159 1.03 1.00 1.02 0.99

Synthesis of Leucyl-Alanyl-GIycyl-Glycyl-Valine. Boc-Val- 
resin (2.35 g, 0.67 mmol) was deprotected with 20% TFA in 
CH2CI2, neutralized with 10% Et3N in CH2CI2, and coupled for 2 
hr with 4 equiv of Boc-Gly and 4 equiv of DCC in 50 ml of 
CH2CI2 . A sample of the Boc-Gly-Val-resin was removed for anal
ysis and the remainder was extended by coupling in a similar way 
with Boc-Gly, Boc-Ala, and Boc-Leu. The resulting Boc-Leu-Ala- 
Gly-Gly-Val-resin was deprotected in TFA, hydrolyzed,38 and an
alyzed: Gly, 1.98; Ala, 1.00; Val, 1.06; Leu, 0.92. A 500-mg sample 
of the peptide resin was cleaved in 5 ml of HF at 0° for 1 hr to 
yield 52 mg of peptide (94% from Boc-Val-resin). The pentapep- 
tide (0.5 mg) was chromatographed on the 0.9 x 60 cm column of 
the amino acid analyzer in pH 3.49 buffer. The main peak 
emerged at 189 min and accounted for 96% of the product. This 
standard preparation of Leu-Ala-Gly-Gly-Val was cochromato
graphed on the same column with the corresponding pentapeptide 
isolated from the mixed anhydride synthesis. A single component 
emerged as a peak at 189 min.

To follow the progress of the pentapeptide synthesis and estab
lish its structure, samples of peptide resin were removed at each 
step. Amino acid ratios were determined on acid hydrolysates, 
and the peptides were cleaved from the resin with HF and frac
tionated by ion exchange chromatography on the 0.9 X 60 cm col
umn with pH 3.49 buffer.

Elution ,—Amino acid ratios-^
Peptide time, min Val Gly Ala

Gly-Val 268 1.00 1.00
Gly-Gly-Val 218 1.10 2.00

Ala-Gly-Gly-Val 167 1.02 2.00 0.97

Detection of Glycine Diketopiperazine after Mixed Anhy
dride Coupling with Val-Resin. Bpoc-Gly (0.045 mmol) was ac
tivated with triethylamine (0.045 mmol) and ethyl chlorocarbo
nate (0.040 mmol) for 24 hr at 0° in 1.3 ml of CH2C12 and shaken- 
with 0.69 g (0.225 mmol) of valine resin in methylene chloride for 
2 hr at room temperature. The filtrate was made 10% in trifluo- 
roacetic acid and allowed to stand for 30 min, after which time 
the solvents were removed in vacuo. The resulting residue was 
kept overnight in vacuo in a desiccator containing calcium sulfate 
and phosphorous pentoxide. The residue was dissolved in hot 
DMF (0.5 ml) and allowed to cool to room temperature, whereu
pon some insoluble material was removed by centrifugation and 
samples from the supernatant were subjected to gas-liquid chro
matography18-19 in the absence and presence of glycine diketopi
perazine. The column (6 ft x 3.5 mm of 3% EGSP-Z on Gas 
Chrom Q, 100-200 mesh) was maintained at 201° and the flow 
rates of the gases were kept at 44 (H2), 60 (He), and 360 cm3/min 
(air). A component was observed at 20 min, which cochromato
graphed with the authentic sample of glycine diketopiperazine 
dissolved in dimethylformamide. The filtrate was calculated to 
contain 0.0036 mmol of glycine diketopiperazine, which accounted 
for 18% of the activated Bpoc-glycine.

N-tert -ButyIoxycarbonylglycyl-6-aminohexanoic Acid. A 
modification of the Rothe and Kunitz42 method for synthesis of
6-aminohexanoyl peptides was used in this preparation. A solu
tion of Boc-Gly (1.40 g, 8.00 mmol) and triethylamine (1.16 ml,
8.40 mmol) in 20 ml of tetrahydrofuran was cooled to -15° in an 
ice-salt bath. Isobutyl chlorocarbonate (1.11 ml, 8.40 mmol) was 
added and the mixture was stirred for 8 min. A solution of 6-ami- 
nohexanoic acid, prepared by refluxing e-caprolactam (0.900 g,
8.00 mmol) in 10 ml of 0.93 N  aqueous sodium hydroxide, was 
added. The reaction mixture was stirred in the ice bath for 1 hr 
and at room temperature overnight. The clear, light brown solu
tion was evaporated in vacuo to a residue, which was dissolved in 
water (20 ml), chilled in an ice bath, and acidified to pH 3.0 by 
addition of 3 N  hydrochloric acid. The solution was saturated 
with sodium chloride and extracted with three 50-ml portions of 
ethyl acetate. The combined extracts were washed with four
50-ml portions of saturated aqueous sodium chloride, dried over 
magnesium sulfate, and freed of solvent to yield an oil (2.43 g). 
The oil contained the title compound, fir 0.70 (CMA), contami
nated with Boc-Gly, Rf 0.66 (CMA). The product was purified on 
a column (4.2 X 53 cm) of Sephadex LH-20 eluted with dimethyl
formamide. When the resulting oil, which was free of Boc-Gly by 
tic, was allowed to stand under petroleum ether (bp 30-60°) in 
the cold for a week, a crystalline product (0.270 g) was isolated in 
low yield (12%), mp 87-89°.

Anal. Calcd for C13H24N20 5: C, 54.15; H, 8.39; N, 9.71. Found: 
C, 52.42; H, 8.38; N, 9.62.

A weighed portion of the above compound was treated with tri- 
fluoroacetic acid for 30 min at room temperature. The trifluo- 
roacetic acid was removed in vacuo and the resulting glycyl-6- 
aminohexanoic acid trifluoroacetate was dissolved in an aqueous 
solution containing known quantities of ammonium chloride and
6-aminohexanoic acid. Glycyl-6-aminohexanoic acid cannot be re
solved from 6-aminohexanoic acid on the short column (0.9 X 6 
cm Beckman PA-35 cation exchange resin) of the amino acid ana
lyzer under the usual conditions (sodium citrate, 0.35 N, pH 5.26, 
65 ml/hr, 56°). A longer column (0.9 X 13 cm) of the same resin 
allowed good resolution of ammonium chloride (127 min), glycyl-
6-aminohexanoic acid (149 min), and 6-aminohexanoic acid (175 
min) when a modified buffer (sodium citrate, 0.20 N, pH 4.15, 
1.5% benzyl alcohol, 2.0% 1-propanol) was used. The relative nin
hydrin color values are 1.81:2.26:1.00 for ammonium chloride-gly- 
cyl-6-aminohexanoic acid-6-aminohexanoic acid.

Attempted Acylation of iV-Benzyloxycarbonyl-6-aminohexa- 
noyl Resin. The substituted resin was prepared by treating 6- 
(benzyloxycarbonylamino)hexanoic acid42 with chloromethylated 
copoly(styrene-l% divinylbenzene) resin in the presence of trieth
ylamine and dimethylformamide according to Marglin.43 Amino 
acid analysis of the resin gave 0.108 mmol/g of 6-aminohexanoic 
acid.

A. Carbodiimide Method. A portion of the substituted resin 
(0.200 g, 0.0216 mmol) was placed in a 5-ml reaction vessr'19 and 
shaken (10 min) with 2 ml of methylene chloride containing Boc- 
Gly (0.306 g, 1.75 mmol). Dicyclohexylcarbodiimide (0.360 g, 1.75 
mmol) in 2 ml of methylene chloride was added and shaking was 
continued for 12 hr. The resin was washed with methylene chlo
ride ( 6 x 2  ml) and then shaken with a mixture of 2 ml of 32% 
HBr in acetic acid and 2 ml of TFA44 for 100 min. The cleavage 
solution was filtered and the resin was washed with three 2-ml
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portions of TFA, TFA-methylene chloride (1:1), and methylene 
chloride. The pooled filtrates were evaporated in vacuo. The re
sulting oil was suspended in methylene chloride and again evapo
rated in vacuo. This procedure was repeated several times to re
move excess acid from the cleavage product. The residue was dis
solved in 1 ml of glacial acetic acid. Addition of water (19 ml) 
produced a massive white precipitate of dicyclohexylurea. The 
suspension was shaken for several minutes and then filtered 
through a millipore disk prior to analysis with the amino acid an
alyzer. The presence of glycyl-6-aminohexanoic acid could not be 
detected (< 0 .1 %); the presence of 20 pmol of 6-aminohexanoic 
acid indicated a cleavage efficiency of 93%.

B. Mixed Anhydride Method. A solution of 0.437 M  Boc-gly- 
cine mixed anhydride was prepared by treating Boc-glycine (0.486 
g, 2.78 mmol) and triethylamine (0.388 ml, 2.78 mmol) with iso
butyl chlorocarbonate (0.346 ml, 2.62 mmol) in methylene chlo
ride (6 ml) at -10° for 15 min. A portion (4 ml, 1.75 mmol) of this 
solution was shaken with 0.200 g of resin for 12 hr at 25° and 
worked up as described for the carbodiimide method. The pres
ence of glycyl-6-aminohexanoic acid could not be detected 
(<0.1%); the presence of 156 pmol of 6-aminohexanoic acid indi
cated a cleavage efficiency of 78%.

Attempted Acylation of Boc-Gly-Gly-Resin. The substituted 
resin was prepared by treating Boc-GIy-Gly with chloromethylat- 
ed resin (1 % cross linked, 1.17 mmol Cl/g) according to Marglin.43 
Amino acid analysis of the resin indicated the presence of 0.136 
mmol of glycylglycine/g. A portion of Boc-Gly-Gly-resin (0.200 g, 
0.00272 mmol) was placed in a 5-ml reaction vessel and shaken (2 
hr, 25°) with a solution (4 ml, 1.75 mmol) of 0.437 M  Boc-glycine 
mixed anhydride, which was prepared as described above. The 
resin was washed with methylene chloride (6 X 2 ml) and then 
shaken for 15 min in 50% trifluoroacetic acid-methylene chloride 
(4 ml). The acid treatment was repeated and the resin was 
washed with methylene chloride ( 6 x 2  ml). It was treated with 
10% triethylamine in methylene chloride (10  min), and washed 
with methylene chloride ( 6 X 2  ml). Cleavage of the resin with 
HBr was performed as described above. The presence of 20.8 nmol 
of glycylglycine indicated a cleavage efficiency of 77%. Triglycine, 
tetragiycine, pentaglycine, and hexaglycine could not be detected 
(<0.1% of Gly-Gly). When the sample was concentrated tenfold 
and applied to the analyzer column, the presence of a trace com
ponent running at the position of triglycine was detected (0.007 
nmol, 0.03%). The presence of tetragiycine, pentaglycine, and 
hexaglycine could not be detected in the concentrated sample 
(<0.03%).

Beyerman, et al.,iS have reported the formation of Gly-Gly- 
Gly-Gly-resin from Gly-Gly-resin in 1 % yield when the latter was 
treated with 10% triethylamine in methylene chloride for 10  min. 
The dimerization reaction was thought to result from an inter
chain aminolysis. Our results contrast with this finding, since no 
tetragiycine (<0.03%) was detected after the treatment of de
blocked Gly-Gly-resin with 10% triethylamine in methylene chlo
ride for 10 min followed by cleavage with HBr.
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The fungal sex hormone, antheridiol, has been synthesized in an overall yield of ~20% by aldol condensation 
of 3/S-acetoxy-22,23-bisnor-A3-cholenaldehyde and the carbanion of /3-isopropylbut-2-enolide. This yielded the 
acetate of 7-deoxy-7-dihydroantheridiol (22S.23R) which was hydrolyzed and then subjected to photooxygena
tion and rearrangement to give antheridiol. The major product of the aldol condensation, the acetate of 7- 
deoxy-7-dihydroantheridiol (22i?,23S), was converted to the desired isomer (22S,23fl) by Jones oxidation fol
lowed by autoxidation and then borohydride reduction. The scope of the aldol condensation involving butenol
ides has been investigated.

Antheridiol ( 1 ) is a hormonal substance which is se
creted by female strains of the aquatic fungus, Achlya, 
and which acts on male strains causing the formation of 
antheridial hyphae, or male sex organs. Its isolation was 
reported in 19672 and the elucidation of its structure in
1968.3 Shortly thereafter a synthesis was reported by 
workers at the Syntex Corp., Calif.4 This paper gives de
tails of work carried out at the New York Botanical Gar
den which has led to a practical synthesis of the hor
mone.5

Initially our objective was to synthesize the structure 1 
without regard to the stereochemistry at C22 and C2 3 . The 
stereochemistry, which was unknown in 1968, has been 
determined mainly from synthetic experiments by the 
Syntex group. We planned to use a Reformatsky reaction 
to link a C22 aldehyde directly to a C7 butenolide. A simi
lar method had been used successfully to prepare the 
structure 2 , which at one time was suspected of being the 
structure of antheridiol itself.6

0

Model experiments were first carried out with 3j3-ace- 
toxy-22,23-bisnor-A5-cholenaldehyde (3) and the readily

prepared bromobutenolide (4). When a solution of these 
compounds in benzene was heated with activated zinc 
dust, a very low yield (~ 5 % ) of a condensation product

could be obtained. The crystalline product (mp 185-200°) 
had spectral properties consistent with structure 5.

Thus the infrared spectrum had i/max 3420 (hydroxyl), 
1799, 1767, 1733 cm - 1  (lactone and acetate), and the nmr 
spectrum showed, in particular, a doublet at ò 3.63 (J =
4.5 Hz) assigned to 22-H, a broad singlet at <5 5.9 assigned 
to 23-H and doublets at 5 6.2 (J  = 6 Hz) and 7.2 (J  = 6 
Hz) assigned to 25-H and 24-H, respectively. The mass 
spectrum of 5 had the base peak at m /e  312 (M -  
CH3COOH -  84) indicating ready cleavage at the C22-  
C23 bond with transfer of one hydrogen to the lactone, 
similar to the case of antheridiol.

Encouraged by the success of the Reformatsky reaction, 
we proceeded to prepare 7 -bromo-/3-isopropylbut-2 -enolide
(6 ). This was accomplished by treating 7 -bromobut-2 -eno- 
lide (4) with an ethereal solution of 2-diazopropane.7 An 
unstable pyrazoline was formed which on heating in xy
lene decomposed to give the desired compound in 35% 
yield. Two other methods of making 6 were tried but were 
unsuccessful. One method was allylic bromination of /3- 
isopropylbut-2-enolide (7), which gave a monobromo de
rivative containing bromine exclusively in the side chain. 
The other involved acid-catalyzed pyrolysis of 2,5-diace- 
toxy-3-isopropyl-2,5-dihydrofuran. No 2-acetoxy-4-isopro- 
pylfuran could be isolated. Only isomer 8 was obtained 
and this, on bromination, gave 7 -bromo-a-isopropylbut-
2-enolide (9) .8

0  0
6

0

7 8  9

Reformatsky reaction o f 6 and the aldehyde (10), which 
had been synthesized previously,6 yielded a product which 
possessed approximately 1 % of the biological activity of 
antheridiol. However, neither antheridiol nor any of its 
isomers could be isolated from acid hydrolysis of the prod
uct.

Other ways were therefore sought for condensing the 
butenolide with the aldehyde. An attempt was made to 
prepare the carbanion of 7, which is the intermediate in 
the Reformatsky reaction above, by treatment of 7 with 
trityllithium. We believed the carbanion should form
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readily because the electron-withdrawing effect of the lac
tone oxygen would enhance the acidity of the allylic hy
drogen on the adjacent carbon atom. Resonance stabiliza
tion of the anion would also favor its formation.

In the event, addition of a solution of 7 in tetrahydrofu- 
ran to a blood red solution of trityllithium at -3 0 ° in an 
argon atmosphere resulted in rapid discharge of the color. 
The resulting pale yellow solution was immediately cooled 
to -7 0 ° and a solution of the aldehyde 10 in tetrahydrofu- 
ran added. The mixture was kept at -70° for 30 min; then 
the temperature was allowed to rise gradually to 0° during 
30 min. The solution was then added to an excess of cold 
(0°) solution of dilute hydrochloric acid.

The product after chromatography (50% yield) exhib
ited biological activity about 10% that of antheridiol. The 
aldol reaction of 10 and 7 results in the creation of two 
new asymmetric centers (C22 and C2 3), so that four ste
reoisomers were to be expected, provided no epimerization 
occurred at C20 in the reaction. In a similar condensation 
involving a C22 aldehyde, the Syntex workers found no ev
idence of epimerization at C2o -4 Repeated chromatogra
phy resolved the product into two components, and these 
on gentle acid hydrolysis afforded mainly two isomers of 
antheridiol. Thus one of the hydrolyzed components had 
the same properties as those reported for the erythro iso
mer of antheridiol.4 Recrystallization gave crystals with 
lower biological activity while the residue from the mother 
liquor had higher activity. However, no pure antheridiol 
could be obtained from this residue despite repeated re
crystallization and chromatography. The erythro isomer 
and antheridiol (which also has the erythro configuration 
at C22,C23) have the same Rt values in different solvent 
systems and could not be separated by chromatography. 
The other hydrolyzed component was later shown to be a 
mixture of threo isomers containing mainly the 22R,23R 
isomer.

Repetition of the aldol condensation of d-isopropylbut-
2-enolide with 3/3-acetoxy-22,23-bisnor-A5-cholenaldehyde 
yielded the product 13 (70%) and the corresponding diol 
14(5%).

The product was resolved by chromatography and frac
tional crystallization into the following components. The 
acetate o f 7-deoxy-7-dihydroantheridioI (13, 22.3',23.fi), mp 
164-166°; the erythro isomer (13, 22K,23S), mp 219-223°; 
the threo isomer (13, 22R,23R), mp 202-208°; and the 
threo isomer (13, 22S,23S), mp 175-180°, 195-198°. These

OH

RO
13, R = Ac
14, R =  H

isomers were formed in a ratio of approximately 1 : 1 0 :2 : 1  
(see Experimental Section). The more polar fractions 
from the chromatography were a mixture of isomers of 7- 
deoxy-7-dihydroantheridiol, containing mainly the erythro 
isomer (14, 22i?,23S). The acetates were cleanly resolved 
on thin layer chromatography (tic) using ethyl acetate- 
petroleum ether or benzene-ether as solvents. The evi
dence for the assignment of stereochemistry to the four 
C22C23 stereoisomers is presented later. The mass spectra 
of the acetates were very similar. All showed the highest 
peak at m /e  438, which corresponds to loss of acetic acid 
from the molecular ion (M + 498). The most intense peaks 
occurred at m /e 312 and 126 and result from a McLafferty 
rearrangement involving cleavage o f the C22-C 23 bond and 
transfer of a hydrogen to the lactone fragment. This cleav
age is characteristic of the antheridiol side chain.

The infrared (ir) spectra of the acetates taken in KBr 
showed several differences from each,other. The butenol- 
ide and acetate carbonyl absorptions were partly merged, 
the former appearing as a shoulder in the acetate peak in 
the SR and SS isomers, but as a distinct peak in the RR 
isomer. The carbonyl region in the RS isomer was more 
complex, four distinct peaks being observed: 1818 (w), 
1767 (s), 1739 (m ), and 1715 cm ' 1  (s).

The nmr spectra of the acetates afforded the best 
means of distinguishing the isomers. In particular, the 
coupling constant between 22-H and 23-H in the erythro 
isomers was 8.5-9.0 Hz, while for the threo isomers 23-H 
appeared as a broad singlet indicating only weak coupling 
with 2 2 -H. These coupling constants are expected for 
erythro and threo isomers from a consideration of non- 
bonded interactions. 9

It is clear from the Newman projections (Scheme I) 
shown that the conformer which contributes most (to the 
mixture of the three staggered forms) will in both cases, 
SR and RS, have a dihedral angle o f 180° between the 
protons, leading to a large coupling constant. In the threo 
isomers the conformer which contributes most will have a 
dihedral angle of 60°, leading to a small coupling con-
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stant, as is actually observed. In fact, the large difference 
in the observed values for the erythro and threo isomers 
suggests that each isomer exists mainly in a single confor
mation.

The coupling constant between 22-H and 20-H appeared 
to be small for all except the 22S,23S isomer in which a 
value of 5 Hz was observed. The C2e and C27 methyl 
groups appeared as a pair of doublets (J  =  7 Hz) in all 
four compounds.

The condensation of the aldehyde 3 and the butenolide 
7 is quite stereoselective, one major product, the 22R, 23S 
isomer, being formed. The stereoselectivity at C22 is simi
lar to that obtained in other reported condensations in
volving steroidal C22 aldehydes. For example, an attempt
ed synthesis of 23-deoxyantheridiol yielded only the C22 
epimer (2 2 S ) . 10 The configuration at C22 is correctly pre
dicted by Cram’s rule as noted by Barton and cowork
ers. 11

Since the yield of the isomer possessing the same side- 
chain stereochemistry as antheridiol (i.e., 22S,23R) was low, 
attempts were made to change the stereochemistry at C22 
and C23 in the other isomers by an oxidation-reduction 
sequence. Thus Jones oxidation of 13 (227?, 23S) gave an 
almost quantitative yield of the 23S ketone 16 (mp 154- 
158°, crude product). Similarly Jones oxidation of 13 
(227?,237?) gave the 23R ketone 17, mp 156-160°. The nmr 
spectra of the two ketones differ particularly in the chem
ical shifts of the C i8 and C2i methyl groups and of the
23-H proton. The circular dichroism curves are most dis
tinctive, the curve for the 23S ketone being practically the 
mirror image of that of the 23R isomer (Figure 1). The 
very high values observed for the molar ellipticity indicate 
that rotation about the C22-C23 bond is quite restricted 
and one rotamer predominates in the case of the 23R iso
mer and one in the case o f the 23S isomer.12  The situation 
is similar to that in the 22-hydroxy compounds (13) dis
cussed above.

If the octant rule is applied to models of the two ke
tones arranged so that steric interactions are at a mini
mum, the butenolide ring will fall in a positive octant for 
the 23R isomer and in a negative octant for the 23S iso
mer. Therefore, the CD curves predict the same configu
rations for the isomers as is found from the following inde
pendent evidence. The acetate 13, mp 164-166°, which 
can be converted directly to antheridiol, and the acetate

13, mp 219-223°, are erythro isomers from nmr evidence 
described above. In addition, the latter compound can be 
hydrolyzed to give a diol which has the same properties as 
those reported for the erythro isomer of 7-deoxy-7-dihy-. 
droantheridiol.4 The configuration at C22 and C23 in anth
eridiol has been definitely assigned as 225,237?.13 The 
erythro isomer 13, mp 219-223°, which must therefore be 
227?, 23S, will give on oxidation a ketone possessing the S 
configuration at C2 3 . Since oxidation of 13, mp 202-208°, 
yields a different ketone from that obtained from 13, mp 
219-223°, the former ketone has the 237? configuration and 
the parent compound is a threo isomer (2277,237?). The 
fourth isomer 13, mp 175-180°, 195-198°, has the threo 
configuration (22S.23S) also.

OHl
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The CD curves of the ketones 16 and 17 were measured 
in chloroform or dioxane in which the compounds are sta
ble. In solution in methanol the ketones both showed uv 
maxima at 321 and 363 nm. Addition of a drop of alkali 
caused a sharp increase (over tenfold) in the intensity of 
the 363-nm maximum and disappearance of the 321-nm 
maximum, indicating that the former was produced by 
the enolate anion shown (Scheme II). In agreement, acidi
fication resulted in immediate disappearance of the 363- 
nm peak and reappearance of the 321-nm peak.

Scheme II

When the ketone 16 or 17 was run on tic with ethyl ace
tate-petroleum ether, a single spot with an 7?f greater 
than that of the parent alcohol 13 was observed. However, 
if the developing solvent was chloroform-methanol, at 
least three spots resulted. Examination of these spots
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showed that the ketone was undergoing autoxidation and 
the main product was identified as the 23-hydroxy ketone
18.

The yield of 18 could he increased to about 80% by stir
ring a solution of 16 or 17 in tetrahydrofuran-methanol 
(3:1) with silica gel overnight. A by-product of the reaction 
was 3|8-acetoxy-22,23-bisnor-A5-cholenic acid, formed by 
oxidative cleavage of the C22-C 23 bond in 16 or 17.

The ketones undergo autoxidation very readily because 
the enolate anion can form in the presence of methanol 
which acts as a base. The reaction of an enolate anion 
with molecular oxygen is well known, and a mechanism 
can be written which explains the formation of the two 
products.14’1®

The formation of the hydroxy ketone 18 was important 
because this compound could be cleanly reduced with so
dium borohydride to one having the hydroxy butenolide 
side chain of antheridiol. Treatment of 16 itself with sodi
um borohydride in ethanol gave a yellow solution of the 
enolate anion and no hydroxy butenolide could be isolat
ed. It is interesting to note that butenolides containing 
hydrogen on the 7  carbon such as antheridiol and d-iso- 
propylbut-2 -enolide are attacked by borohydride with re
duction of the double bond. When the 7  position is fully 
substituted as in /3,7 i7 -frimethyIbut-2 -enolide, no reduc
tion of the double bond occurs. Presumably the presence 
of a 7  hydrogen will result in the formation of a carbanion 
in the presence of base. Rearrangement gives a carbonyl 
(via  an enol) which is reduced by the borohydride.

Different conditions for the reduction of 18 were tried. 
The most satisfactory was reaction of excess sodium bor
ohydride with a solution of 18 in tetrahydrofuran-ethanol 
(3:1) at 10° for 20 hr. A nearly quantitative yield of 13 was 
obtained which contained approximately 2 0 % of the 
22S,23/2 isomer. This isomer could be separated and the 
remaining material put through the oxidation-reduction 
sequence again in order to produce more of the desired 
isomer. In this way the yield of 13 with the side-chain 
stereochemistry of antheridiol could be increased consid
erably.

An attempt was also made to invert the configuration at 
C22 in the isomer 13 (22R,23R). Treatment of the latter 
with methanesulfonyl chloride gave the 2 2 -mesylate as 
well as much elimination product. However when the 
mesylate was heated with tetrabutylammonium formate, 
only elimination occurred .16 This result ismotr surprising 
since the C22 position is hindered and elimination will be 
favored over substitution. Elimination also produces an 
extended conjugated system, another reason in its favor.

In order to complete the synthesis of antheridiol, the 
acetate 13 (22S,23R) was hydrolyzed to the diol. Condi
tions had to be carefully chosen since the hydroxy buteno
lide structure was sensitive to base and to hydrochloric 
acid in methanol. However dilute sulfuric acid in dioxane 
gave a very high yield of the diol.

The final step in the synthesis was the introduction of 
the 7-ketone. The most convenient method was that first 
employed by the Syntex group.4 Photooxygenation of the 
diol 14 in the presence of a sensitizer, hematoporphyrin, 
gave a high yield of the 5a-hydroperoxide. The hydro
peroxide from the 22R,23S isomer was quite unstable and 
was easily converted to the 7-ketone in about 60% yield by 
treatment with cupric chloride in pyridine for 24 hr. The 
hydroperoxide from the 22S,23R isomer was obtained 
crystalline. It was more stable and longer treatment and 
more cupric chloride were required in order to obtain a 
50% conversion to the corresponding 7-ketone (antheri
diol).

Another method of introducing the 7-ketone involved 
conversion o f the diol 14 to the bistetrahydropyranyl

ether. The latter was then oxidized with Collins reagent to 
give the 7-ketone.17 Careful acid hydrolysis removed the 
tetrahydropyranyl protecting groups though some elimina
tion of the 3/3-hydroxyl could not be prevented. The yield 
in this method was about 35%. The synthetic antheridiol 
had the same properties, including biological activity, as 
the natural hormone. The method of synthesis described 
here affords pure antheridiol in an overall yield of ap
proximately 2 0 % from the readily accessible 3/3-acetoxy-
22,23-bisnor-A5-cholenaldehyde (3). The results of biologi
cal tests of antheridiol and certain synthetic intermedi
ates in Achlya  and other systems will be reported else
where.

The scope of the aldol condensation of butenolides such 
as 7 with aldehydes has been investigated further. When 
excess of «-m ethylbut-2 -enolide18 was added to trityllith- 
ium and the resulting pale yellow solution treated with 
the aldehyde 3, a low yield (~30% ) o f condensation prod
uct was obtained. Spectral and analytical properties sup
port the structure 19. As in the case of 13 a mixture of 
four stereoisomers is formed, the main component being 
probably the 22R,23S isomer. The major product (50%) 
from the condensation was a crystalline compound whose 
spectral properties indicated the structure 2 0 . Thus the 
mass spectrum showed the molecular ion at m /e  342 and 
base peak at m /e  243 (CigHis+j, the latter due to the tri- 
phenylmethyl ion. The lactone 2 0  results from nucleophil
ic attack of trityl carbanion on the fl carbon of the bu
tenolide. 19 The hindered tertiary carbanion appears to be 
involved rather than one of the ring carbons as observed 
in the reaction of trityllithium and benzophenone.20 In 
the latter case the nmr spectrum of the adduct showed a 
signal at 5 5.53. Triphenylmethane itself shows a methine- 
H singlet at 8 5.52. No signal occurs in this region for the 
adduct 2 0 .

The reaction which gives 20 competes well with ab
straction of a 7  hydrogen from the butenolide. When aldol 
condensation was attempted with but-2 -enolide, 18 no 
product analogous to 13 could be isolated. As expected, 
lactone 21, the Michael adduct o f triphenylmethane and 
but-2 -enolide, was obtained, though in low yield ( 1 0 %). 
The major product (70%) was a steroid which is assigned 
the structure 2 2 .

Because but-2-enolide has no methyl group which can 
hinder the approach of the trityl anion and also contribute 
an inductive effect, adduct formation proceeds almost ex
clusively in this case. The intermediate a anion then 
reacts with the steroid aldehyde to give 2 2 . The condensa
tion product 2 2  has been partially resolved.
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Another interesting possibility in condensations involv
ing butenolides was observed in snythesis of 13. A by
product (5%) which was present in chromatographic frac
tions containing 13 (22ff,23S) had properties consistent 
with the structure 23. In particular, the nmr spectrum

OH

showed a singlet at 5 4.74 for two protons a to oxygen in 
the butenolide ring. d-Isopropylbut-2-enolide (7) shows a 
corresponding signal at 5 4.80 (d, J  = 2 Hz). Oxidation of23 with Jones reagent gave the 22-ketone, Amax 232 nm (e
11,900). The uv spectrum was not affected by alkali (c/.16). The formation of 23 involves addition of the a  carb- 
anion of 7 to the aldehyde 3 followed by rearrangement of 
the intermediate anion to give the a,/3-unsaturated buteno
lide .21

Experimental Section22

Reformatsky Reaction of 3d-Acetoxy-22,23-bisnor-A6-cholen- 
aldehyde (3) and 7-Bromobut-2-enolide (4). The method was 
the same as that used for the preparation of 2 described in an 
earlier paper.6 Chromatography of the crude product with ethyl 
acetate-petroleum ether gave a fraction which crystallized on 
adding methanol. The crystals of 5 obtained in a yield of 5% from 

• the aldehyde appeared homogeneous by tic: mp 185-200°; ir 3420, 
1799, 1767, 1733 cm "1; nmr S 0.71 (18 H), 1.03 (19 H), 1.04 (d, J  
= 6 Hz, 21 H), 2.03 (acetate), 3.63 (d, J  = 4.5 Hz, 22 H), 5.37 (m, 
6 H), 5.9 (m, 23 H), 6.22 (d, J  = 6 Hz, 25 H), 7.21 (d, J  = 6 Hz,
24 H); mass spectrum m/e 396 (M -  60), 312 (M -  60 -  84), 84 
(C4H40 2+).

d-Isopropyibut-2-enolide (7). To a three-necked flask in an 
ice-salt bath were added acetic anhydride (2 1.), potassium ace
tate (260 g), and 3-methylbut-l-ene (50 g). The mixture was 
stirred and powdered KMn04 (340 g) added gradually during 3 
hr.23 Care was taken to maintain the temperature of the mixture 
below 5°. The stirring was continued for a further 5 hr at ~5° and 
then cold ethyl acetate (2 1.) was added, followed by an ice-cold 
solution of sodium bisulfite (450 g) in water (3.5 l.).~The organic 
layer was separated and the aqueous solution neutralized with 
sodium bicarbonate and extracted with ethyl acetate. The com
bined ethyl acetate extract was washed with saturated NaHC03 
solution, water, then dried (Na2S04), and distilled to give 1-ace- 
toxy-3-methylbutan-2-one (37 g): bp 90° (2 mm); ir (neat) 1730 
cm '1; nmr S 1.12 (d, J  = 7 Hz, isopropyl CH3), 2.13 (acetate),
2.72 (m, methine H), 4.74 (s, methylene H). An alternative meth
od for making this compound involved reaction of isopropylmag- 
nesium bromide with glycolonitrile and acetylation with acetic 
anhydride-pyridine of the product, l-hydroxy-3-methylbutan-2- 
one.24 The ketoacetate (37 g) and ethyl bromoacetate (45 g) in 
dry benzene (180 ml) were added gradually to activated zinc 
dust,6 and the mixture was gently warmed. When the reaction 
became vigorous, the heating was stopped and the remaining so
lution added at such a rate as to maintain the reflux. The mix
ture was refluxed for a further 2 hr. It was cooled, diluted with 
benzene, and acidified with dilute H2S04. The benzene layer was 
separated, washed with water, and dried (Na2S04); the solvent 
was removed, leaving an oil which was chromatographed, then 
distilled under reduced pressure to give 7, (10 g); bp 90° (1.75 
mm); ir 1775, 1740, 1626 cm "1; nmr 5 1.22 (d, J  = 7 Hz, isopropyl 
CH3), 2.75 (m, methine H), 4.84 (d, J  -  2 Hz, methylene H), 5.83 
(q, vinyl H).

The butenolide 7 (126 mg) in carbon tetrachloride (3 ml) was 
heated with IV-bromosuccinimide (178 mg) under illumination 
from a 100-W lamp. The reaction was complete within 30 min. 
The mixture was cooled and filtered, and the solvent was re
moved from the filtrate leaving a yellow oil. This gave a single 
spot on tic and the nmr indicated that bromine was present ex
clusively in the allylic position on the side chain: nmr (CC14) a

2.05 (s, CH3), 5.02 (d, J = 2 Hz, methylene H), 4.95 (t, J  = 2  Hz, 
vinyl H).

Pyrolysis of 2,5-Diacetoxy-3-isopropyl-2,5-dihydrofuran. 4-
Isopropyl-2-furoic acid was prepared according to the method of 
Elming.25 Decarboxylation by the method of Piers and Brown26 
gave better yields of d-isopropylfuran than those reported by 
Elming.25 Treatment of the furan with lead tetraacetate afforded 
the diacetoxy dihydro derivative.27 The latter compound (250 
mg) and a crystal of toluenesulfonic acid28 were heated at 100° for 
10  min in a sublimation tube under reduced pressure (2 mm). 
The liquid darkened rapidly and a distillate was formed which 
collected in a trap cooled with Dry Ice-acetone. The distillate 
(~100 mg) was a mixture of acetic acid and 2-acetoxy-3-isopro- 
pylfuran (8). The nmr spectrum (CC14) of 8 had S 1.14 (d, J  = 7 
Hz, isopropyl CH3), 2.25 (acetate), 2.65 (quintet, J  = 7 Hz, meth
ine H), 6.23 (d, J = 2 Hz, 4 H), 6.98 (d, J = 2 Hz, 5 H). The 
structure was confirmed by adding a solution of bromine in car
bon tetrachloride to one of the furan in carbon tetrachloride 
(cooled to -10°) until the bromine color just persisted. Excess of 
bromine was avoided by adding a little more of the furan.27 The 
nmr spectrum (CC14) of the product, 7 -bromo-a-isopropylbut-2 - 
enolide (9) had b 1.24 (d, J  = 7 Hz, isopropyl CH3), 2.75 (quintet, 
J  = 7 Hz, methine H), 6.83 (t, J  = 1 Hz, 7  H), 7.1 (t, J  = 1 Hz, 0 
H).

7-Bromo-d-isopropylbut-2-enoIide (6). 2-Acetoxyfuran was 
converted to 7 -bromobut-2 -enolide27 which was purified by distil
lation followed by chromatography with ethyl acetate-petroleum 
ether: nmr (CC14) 5 6.2 (pair of d, J  = 5 and 1 Hz, a H), 7.0 (t, J  
-  1 Hz, 7  H), 7.70 (pair of d, J  = 5 and 1 Hz, 0 H). The bromo- 
butenolide (2 .2  g) was treated with an excess of an ethereal solu
tion (0°) of 2 -diazopropane7 (100 ml) prepared from acetone- 
hydrazone (5 g). Reaction was rapid as indicated by immediate 
discharge of the red color. Toward the end of the addition the 
color persisted and some oily material separated. The reaction 
mixture was kept at 0° overnight; then benzene (100  ml) was 
added and the mixture concentrated to one-half the volume. (If 
all the solvent was removed the pyrazoline rapidly polymerized to 
a black tar and gas was evolved.) Xylene (100 ml) was next 
added and the mixture again concentrated to one-half the vol
ume. Finally more xylene (50 ml) was added and the mixture re
fluxed for 3 hr. Most of the xylene was distilled off [40-50° (1.0 
mm)] and the residue chromatographed with ethyl acetate-petro
leum ether (1:9) to give 6 in 35% yield: ir 1799, 1767 sh, 1637 
cm "1; nmr (CC14) b 1.18, 1.33 (pair of d, J = 7 Hz, isopropyl 
CH3), 2.89 (m, methine H), 5.83 (d, J  = 1 Hz, a-H), 6.75 (s,
7 -H); mass spectrum m/e 204 (M+), 206.

Anal. Calcd for C7H90 2Br: C, 40.98; H, 4.39; O, 15.61; Br,
39.02. Found: C, 40.74; H, 4.53; 0 , 15.79: Br, 39.26.

Reformatsky Reaction of 3/5-TetrahydropyranyIoxy-22,23- 
bisnor-A5-7-ketocholenaldehyde (10) and 7-Bromo-/3-isoprop 
ylbut-2-enolide (6). The aldehyde (800 mg) and the bromobu- 
tenolide (400 mg) were dissolved in dry benzene (20 ml), and the 
solution was refluxed with activated zinc dust (200 mg) as de
scribed earlier.6 The crude product had about 1% of the biological 
activity of antheridiol. A portion of the product was treated with 
dilute HC1 in methanol (0.08 ml of 6 A  HC1 in 100 ml of metha
nol) to remove the tetrahydropyranyl group and then chromato
graphed with ethyl acetate-petroleum ether. However, no crystal
line antheridiol or any of its isomers could be isolated.

Condensation of Aldehyde 10 with /3-Isopropylbut-2-enolide 
(7). Butyllithium (0.6 g, 90% in hydrocarbon, obtained from Ven- 
tron Corp., Beverly, Mass.) was weighed into a three-necked flask 
previously flushed out with argon. Extreme care was taken to 
avoid contact with air during the weighing,, (The butyllithium 
was stored in a desiccator with an argon atmosphere.) Triphenyl- 
methane (2.86 g) in tetrahydrofuran (10  ml) freshly distilled from 
lithium aluminum hydride, was added dropwise during 10  min to 
the butyllithium in the flask (argon atmosphere), cooled to ca 
-30° in an acetone bath containing enough Dry Ice to maintain 
the temperature. A deep red solution formed immediately. The 
solution was stirred (magnetic stirrer) at -30° for 30 min, then 
allowed to come gradually to room temperature, and stirred for a 
further 30 min. It was then cooled to —30° and a solution of 7 (1.0 
g) in tetrahydrofuran (15 ml) was added dropwise with stirring. 
Towards the end of the addition, which required only a few min
utes, the red color was discharged. The pale yellow solution was 
quickly cooled to ca. -72° and the aldehyde 10 (1.25 g) in tet
rahydrofuran (25 ml) added gradually. The reaction mixture was 
stirred at -72° for a further 30 min and then allowed to come to 
room temperature during 30 min. It was added to an excess of di
lute HC1 (0°) with vigorous stirring. A semisolid precipitate was
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obtained, so the mixture was extracted with ether and the extract 
washed (H2O) and dried (NaaSCU). The ether was distilled off 
and the residue chromatographed with ethyl acetate-petroleum 
ether. Early fractions gave triphenylmethane. The crystalline 
condensation product 11 (0.7 g) possessed about 10% of the bio
logical activity of antheridiol. It was resolved by further chroma
tography into two main components. One component (0.4 g) was 
recrystallized from methanol: mp 221-223°; ir 1767, 1660, 1626 
cm -1; nmr b 0.70 (18 H), 1.04 (d, J = 7 Hz, 21 H), 1.20 (19 H), 
1.19, 1.23 (pair of d, J  = 7 Hz, 26 and 27 H), 3.64 (d, J  = 9 Hz, 22 
H), 4.90 (d, J  = 9 Hz, 23 H), 5.68 (s, 6 H), 5.75 (t, J  = 1 Hz, 28 
H).

Anal. Calcd for C34H5OO6-0.25CH3OH: C, 73.07; H, 9.13; O, 
17.77. Found: C, 73.06; H, 9.55; 0 , 17.25.

This component was hydrolyzed by treatment with dilute HC1 
in methanol (0.08 ml of 6N  HC1 in 100 ml of methanol at 0° for 30 
min). The crystalline product obtained in high yield was also 
~10% as active as antheridiol. It gave a single spot on tic which 
had the same 7?t as antheridiol in all solvent systems studied, e.g. 
in CHCl3-MeOH (15:1), R[ 0.43. Recrystallization from methanol 
gave long needles, mp 260-265° dec. The spectral properties were 
identical with those of the erythro isomer of antheridiol (see 
later). The biological activity of the crystals was less than that of 
the starting material, while that of the residue from the mother 
liquor was higher. However, despite further crystallization and 
chromatography of the residue, no pure antheridiol could be iso
lated. The major component of the condensation product is thus 
the erythro isomer (227?,23S). The other main component (0.17 g) 
on hydrolysis gave crystals of the threo isomer (227?, 237?) of anth
eridiol (see later).

Condensation of 3/3-Acetoxy-22,23-bisnor-A5-cholenaldehyde 
(3) with d-Isopropylbut-2-enolide (7) n-Butyllithium (1.68 g) 
was treated with excess of triphenylmethane (8.6 g) in tetrahy- 
drofuran (35 ml) to form trityllithium as described above. The 
red solution was treated with an excess of 7 (2.71 g in 20 ml of te- 
trahydrofuran) and the resulting carbanion allowed to react with 
the aldehyde 3 (6.32 g in 40 ml of tetrahydrofuran). The gummy 
product (17.6 g) was chromatographed with ethyl acetate-petrole
um ether, 100-ml fractions being collected. Early fractions con
tained triphenylmethane. Unreacted aldehyde (~1.2 g) was elut
ed in fractions 13-17. It was followed by a product (~0.5 g) 
formed from elimination of the 22-OH in 13. Unreacted butenol- 
ide, 7, was eluted in the first fractions, 21-23, containing 13 
(22S,237?). Fractions 23-25 contained almost pure 13 (22S.237?) 
(0.47 g) which was recrystaliized from ethyl acetate-petroleum 
ether: mp 164-166°; ir 1760 sh, 1733, 1637 cm-1; nmr b 0.70 (18 
H), 1.02 (19 H), 1.17, 1.22 (pair of d, J  = 6.5 Hz, 26 and 27 H),
2.03 (acetate), 3.61 (d, J  = 9 Hz, 22 H), 4.94 (d, J  = 9 Hz, 23 H),
5.4 (m, 6 H), 5.78 (t, J  = 1 Hz, 28 H); mass spectrum m/e 438, 
420, 312,126; CD max [0]2i8nm +37,350° (dioxane).

Anal. Calcd for C31H46O5: C, 74.66; H, 9.30. Found C, 74.24; H, 
9.45.

Fractions 26 and 27 contained the isomer 23 which was ob
tained pure after recrystallization from methanol (50 mg): mp 
169-171°, on further heating it solidified then melted again at 
180-181°; ir 1740, 1667 cm '1; nmr b 0.70 (18 H), 1.02 (19 H), 1.12 
(d, J  = 6.5 Hz, 26 and 27 H), 2.02 (acetate), 3.49 (d, J  = 3 Hz, 22 
H), 4.74 (s, 28 H), 5.37 (m, 6 H); mass spectrum m/e 438, 420.

Anal. Found: C, 74.75; H, 9.52.
Fractions 26-39 were mainly 13 (227?, 23S) (4.29 g) which on re

crystallization from methanol or ethyl acetate-petroleum ether 
gave pure compound: mp 219-223°; ir 1818 (w), 1767 (s), 1739 (w), 
1715 cm ' 1 (s); nmr 5 0.72 (18 H), 1.03 (19 H), 1.05 (d, J  = 6.5 Hz, 
21 H), 1.18, 1.23 (pair of d, J  = 7 Hz, 26 and 27 H), 2.03 (ace
tate), 3.6 (d, J  = 8.5 Hz, 22 H), 4.91 (d, J  = 8.5 Hz, 23 H), 5.4 
(m, 6 H), 5.77 (t, J  = 1 Hz, 28 H); mass spectrum m/e 438, 420, 
312, 126; CD max [0]2i8nm —49,800° (dioxane).

Anal. Found: C, 74.54; H, 9.33.
Fractions 45-55 were mainly 13 (227?,237?) (0.9 g) which on re

crystallization from ethyl acetate-petroleum ether gave pure 
compound: mp 204-208°; ir 1760, 1733, 1637 cm-1; nmr b 0.73 (18 
H), 1.03 (19 H), 1.13 (d, J  = 6 Hz, 21 H), 1.17, 1.25 (pair of d, J  
= 7 Hz, 26 and 27 H), 2.03 (acetate), 3.9 (broad s, 22 H), 4.9 
(broad s, 23 H), 5.4 (m, 6 H), 5.82 (t, J  = 1 Hz, 28 H); mass spec
trum m/e 438, 420, 312,126.

Anal. Found: C, 74.63; H, 9.03.
Fractions 56-58 contained mainly 13 (22S.23S) ( — 0.5 g) but 

with a small amount of the isomer 13 (227?,237?). Preparative tic 
followed by recrystaliization gave pure 13 (22S.23S): mp 175-180°, 
195-198°; ir 1736, 1637 c m '1; nmr S 0.75 (18 H), 1.03 (19 H), 1.13 
(d, J  = 7 Hz, 21 H), 1.18, 1.26 (pair of d, J  = 7 Hz, 26 and 27 H),

2.02 (acetate), 3.89 (d, J  = 4.5 Hz, 22 H), 5.07 (broad s, 23 H), 5.4 
(in, 6 H), 5.82 (t, J  = 1 Hz, 28 H); mass spectrum m/e 438, 420, 
312,126.

Anal. Found: C, 74.35; H, 9.31.
Later fractions from the chromatography contained a mixture 

of isomers of 7-deoxy-7-dihydroantheridiol (14) (~0.2 g), but 
these could be separated only by preparative tic with multiple 
development.

Hydrolysis of the 3-Acetate of 7-Deoxy-7-dihydroantheri- 
diol (13). A solution of the acetate 13 (22S.23I?) (45 mg) in diox
ane (20 ml) was refluxed with 5% H2SO4 (5 ml) for 1  hr. Most of 
the solvent was removed under reduced pressure and cold water 
added, giving a crystalline precipitate of the diol 14 (38 mg). On 
crystallization from methanol it had mp 234-238°: ir 1740 c m '1; 
nmr b 0.70 (18 H), 1.02 (19 H), 1.17, 1.22 (pair of d, J  = 6.5 Hz, 
26 and 27 H), 3.61 (d, J  = 9 Hz, 22 H), 4.94 (d, J  = 9 Hz, 23 H),
5.4 (m, 6 H), 5.78 (t, J  = 1 Hz, 28 H).

Anal. Calcd for C29HMO4-0.25CH3OH: C, 75.65, H, 9.70. 
Found: C, 75.98; H, 9.95.

The erythro isomer 14 (227?, 235) was obtained in the same way: 
mp 209-211°; ir 7167 sh, 1745 cm '1; nmr & 0.72 (18 H), 1.02 (19 H),
1.04 (d, J  = 7 Hz, 21 H), 1.18, 1.23 (pair of d, J  = 7 Hz, 26 and 27 
H), 3.61 (d, J  = 8.5 Hz, 22 H), 4.93 (d, J  = 8.5 Hz, 23 H), 5.38 
(m, 6 H), 5.79 (t, J  = 1 Hz, 28 H); mass spectrum m/e 456 (M + ), 
438, 420, 405, 330, 312, 297, 284, 271, 255, 213.

Anal. Calcd for C29H44O4-0.25CH3OH: C, 75.65; H, 9.70. 
Found: C, 75.56, H, 9.98.

Similar hydrolysis of the threo isomer 13 (227?,237?) gave the 
corresponding diol: mp 192-196° (methanol); ir 1748 cm-1; nmr b 
0.73 (18 H), 1.03 (19 H), 1.13 (d, J = 6 Hz, 21 H), 1.17, 1.25 (pair 
of d, J  = 7 Hz, 26 and 27 H), 3.94 (broad s, 22 H), 4.91 (broad s, 
23 H), 5.38 (m, 6 H), 5.83 (t, J  = 1 Hz, 28 H).

Anal. Calcd for C29H4404-CH3OH: C, 73.73; H, 9.90. Found: C, 
73.84; H, 9.69.

Hydrolysis of the threo isomer 13 (22S.23S) gave the corre
sponding diol: mp 248-252° (ethyl acetate); ir 1745 c m '1; nmr 
(CDC13-CD30D, 3:1) b 0.78 (18 H), 1.03 (19 H), 1.13 (d, J  = 7 
Hz, 21 H), 1.21, 1.28 (pair of d, J  = 7 Hz, 26 and 27 H), 4.05 
(broad peak, 22 H), 5.11 (broad s, 23 H), 5.33 (m, 6 H), 5.82 (t, J  
= 1 Hz, 28 H).

Anal. Calcd for C29H44O4: C, 76.27; H, 9.71. Found: C, 75.76; 
H, 9.61.

Antheridiol (1). A solution of 130 mg of the diol 14 (22S,237?) 
and 13 mg of hematoporphyrin in 18 ml of pyridine contained in a 
Pyrex tube 2 cm X 15 cm was irradiated for 24 hr with two 15-W 
fluorescent lamps placed close to the tube while oxygen was 
passed through the solution.4 The dark brown solution was dilut
ed with ether (100  ml), stirred with activated charcoal, and then 
filtered through Celite. Removal of solvent from the filtrate gave 
the crystalline hydroperoxide which from tic appeared nearly 
pure. It was dissolved in 10 ml of pyridine and, after adding 6 mg 
of CuCl2-2H20 , was aSowed to stand at room temperature for 3 
days. (Shorter times resulted in lower yields of antheridiol.) The 
pyridine was removed in vacuo and the residue chromatographed 
(preparative tic, two silica gel plates, CHCl3-MeOH, 15:1) to give 
66 mg of pure antheridiol: mp 244-248° dec (methanol): ir 1740, 
1672, 1626 cm -1; nmr (CDC13-CD30D, 3:1) b 0.72 (18 H), 1.23 (19 
H), 1.17, 1.23 (pair of d, J  = 7 Hz, 26 and 27 H), 3.6 (broad d, J  
= 8 Hz, 22 H), 4.98 (broad d, J  = 8 Hz, 23 H), 5.70 (s, 6 H), 5.79 
(broad s, 28 H).

The erythro isomer of antheridiol was prepared similarly from 
the diol 14 (227?, 23S) (100 mg). The intermediate hydroperoxide 
was less stable and could not be isolated crystalline. Treatment 
with CuCl2-2H20  (3 mg) for 24 hr gave the 7-ketone (62 mg): mp 
260-263° (methanol); ir 1759, 1650, 1631 cm -1; nmr (CDC13- 
CD3OD, 3:1) b 0.74 (18 H), 1.06 (d, J  = 6.5 Hz, 21 H), 1.23 (19 
H), 3.6 (d, J  = 8.5 Hz, 22 H), 4.96 (d, J  = 8.5 Hz, 23 H), 5.7 (s, 6 
H), 5.78 ( t ,J  = 1 Hz, 28 H).

Anal. Calcd for C29Hi2O5-0.25CH3OH: C, 73.37; H, 9.06. 
Found: C, 73.41; H, 9.13.

The threo isomer (22R,23R) of antheridiol (29 mg) was pre
pared from the diol 14 (227?,231?) (42 mg): mp 209-213° (ethyl ac
etate-petroleum ether); ir 1761,1742,1678,1637 cm-1.

Anal. Calcd for C29H42O5: C, 74.01; H, 9.00. Found: C, 74.32; 
H, 9.11.

The threo isomer (22S,23S) (18 mg) was prepared from the diol 
14 (22S.23S) (25 mg): mp 260-263°; ir 1742, 1672, 1637 cm -1; nmr 
(CDC13-CD30D, 4:1) b 0.78 (18 H), 1.23 (19 H), 1 .2 1 , 1.26 (pair of 
d, J  = 7 Hz, 26 and 27 H), 5.13 (broad s, 23 H), 5.71 (s, 6 H), 5.85 
(t,J = 1Hz, 28H).

An alternative route to antheridiol and its isomers was as fol
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lows: 50 mg of the diol 14 (22fl,23S) was converted to the bis- 
tetrahydropyranyl ether with dihydropyran and a trace of p-tol- 
uenesulfonic acid. The ether was dissolved in methylene chloride 
(3 ml), and a slurry of 400 mg of Collins reagent17 in methylene 
chloride (2 ml) was then added. Tarry material formed quickly. 
The mixture was stirred for 18 hr, more Collins reagent (150 mg) 
added, and the stirring continued for 7 hr. The mixture was fil
tered through a column of silica gel and the column eluted with 
ethyl acetate. Removal of solvent from the combined filtrate gave 
35 mg of the 7-ketone. It was treated with dilute HC1 in methanol 
(0.08 ml of 6N HC1 in 100 ml of MeOH) for 1 hr at room tempera
ture. Ethyl acetate was added; then most of the solvent was re
moved in a stream of N2 and the residue chromatographed with 
chloroform-methanol (15:1) to give 17 mg of the erythro isomer 
of antheridiol. About 6 mg of the A3'5-dien-7-one was also obtained. 
This resulted from elimination of the 3/3 substituent.

Oxidation of the Acetate of 7-Deoxy-7-dihydroantheridiol
(13). Jones reagent29 (4 ml) was gradually added to a stirred so
lution of 13 (22#,23S) (1 g) in 150 ml of acetone cooled to 0°. The 
mixture was kept at 0° for 1 hr; then methanol was added to de
stroy any excess reagent. Most of the solvent was removed in 
vacuo, and cold water added to precipitate the crystalline ketone 
16 (0.98 g): mp 154-158°; uv max (MeOH) 212 nm (t 7000), 225 sh 
(6000), 321 (1900), 363 (650). The intensity of the 321- and 363-nm 
maxima depended on the concentration of the solution, being 
more intense at lower concentrations; uv (MeOH/drop of dilute 
NaOH solution) 363 nm (t 30,000); uv (MeOH/dilute HC1) 212 
nm ‘f 6200), 225 sh (5900), 321 (2100); ir 1802, 1770, 1733, 1724 
cm -1; nmr b 0.67 (18 H), 1.0 2  (19 H), 1.18 (d, J  = 7 Hz, 2 1  H),
1.21, 1.23 (pair of d, J  = 7 Hz, 26 and 27 H), 2.03 (acetate), 5.33 
(d, J  = 2 Hz, 23 H; the signal partly overlapped that at 5.4 due 
to 6 H), 5.92 (t, J  = 1 Hz, 28 H); mass spectrum m/e 436 (M -  
60), 421, 371,328, 279; CD max [0]3Oi -61,400°.

Oxidation of 55 mg of 13. (222?, 23i?) in the same way with Jones 
reagent gave 52 mg of the ketone 17: mp 156-160°; uv same as 
that of 16; ir 1802, 1770, 1733, 1724 sh cm -1; nmr b 0.73 (18 H), 
0.98 (d, J  = 7 Hz, 21 H), 1.03 (19 H), 1.21, 1.23 (pair of d, J  = 7 
Hz, 26 and 27 H), 2.03 (acetate), 5.23 (d, J  = 2 Hz, 23 H), 5.4 (m, 
6 H), 5.88 (t ,J =  1 Hz, 28 H); CD max [0]3O2 +46,000°.

Autoxidation of Ketone 16. A solution of 500 mg of 16 in 150 
ml of tetrahydrofuran-methanol (2 :1 ) was stirred with 20 g of sili
ca gel-G for 24 hr. The uv spectrum (NaOH-MeOH) then showed 
that no starting material remained. The solution was filtered and 
the solvent removed leaving a white solid which was crystallized 
from ethyl acetate-petroleum ether to give 200 mg of the 23-hy
droxy ketone (18). Chromatography of the residue from the moth
er liquor gave 175 mg more of 18: mp 214-217°; ir 3340, 1779, 1730, 
1709 cm“ 1; nmr 5 0.67 (18 H), 1.01 (19 H), 2.02 (acetate), 5.4 
(m, 6 H), 6.11 (d, J  = 1.5 Hz, 28 H); mass spectrum m/e 452 (M 
-  60), 408, 283 (base peak).

Anal. Calcd for C31H44O6: C, 72.63; H, 8.65; 0, 18.72. Found: 
C, 72.44; H, 8.59; O, 18.94.

Later fractions from the chromatography gave 70 mg of a pure 
compound which was identified as 3d-acetoxy-22,23-bisnor-A5- 
cholenic acid by comparison with an authentic sample. Several 
experiments were performed in which the concentration of 16, the 
nature of the solvent, and the amount of silica were varied. The 
conditions described above gave the best yield of 18.

Sodium Borohydride Reduction of 18. Sodium borohydride 
(15 mg) was added to a solution of 30 mg of 18 in 3 ml of tetrahy- 
drofuran-ethanol (3:1) and the mixture allowed to stand at 10° 
for 20 hr. The solvent was removed in a stream of N2 and water 
followed by a few drops of dilute HC1 was added to the residue. 
The white insoluble solid was filtered, washed (H20), dried, and 
chromatographed to give 6 mg of 13 (22S,23R), 16 mg of 13 
(22-R.23S), and 5 mg of a mixture of the threo isomers of 13. The 
reduction was repeated with different solvents, e.g., tetrahydrofu
ran-methanol, 2 -propanol, and dioxane-water, but the proportion 
of the desired isomer 13 (225,23#) was not as good as that ob
tained above. When ethanol alone was used as solvent, an almost 
quantitative yield of diols 14 was obtained.

Condensation of Aldehyde 3 with a-Methylbut-2-enolide.18 
The butenolide (1.33 g) and the aldehyde (4.0 g) were condensed 
in the same way as described earlier for the preparation of 13. 
The crude product (8.3 g) on chromatography with ethyl acetate- 
petroleum ether gave first the adduct 20 (2.3 g): mp 221-222° 
(ethyl acetate), uv max (EtOH) 199 nm (f 72,400), 245 (687), 258 
(730), 265 (653), 271 (425); ir 1767, 1600, 1496 cm“ 1; nmr b 1.40 
(d, J  = 7.5 Hz, methyl), 2.58 (d of q, J  = 8 Hz, J  = 2.5 Hz, meth- 
ine H), 3.8-4.8 (m, methine H + 2H a to oxygen), 7.25 (s, 15 aro

matic H); mass spectrum m/e 342 (M+), 243 (C19Hi5+, base 
peak), 165 (C13H9+)-

Anal. Calcd for C24H22O2: C, 84.18; H, 6.48. Found: C, 84.34; 
H, 6.46.

Later fractions from the chromatography contained an isomeric 
mixture of 19 (1.85 g). The main component was obtained pure by 
recrystallization from ethyl acetate-petroleum ether: mp 220- 
224°; ir 1767 sh, 1733 c m '1; nmr b 0.72 (18 H), 1.03 (19 H), 1.95 
(t, J = 1.5 Hz, 27 H), 2.03 (acetate), 3.53 (d, J  = 7 Hz, 22 H),
4.93 (m, 23 H) 5.4 (m, 6 H), 7.03 (t, J  = 1.5 Hz, 24 H); mass 
spectrum m/e 410 (M -  60), 312 (M -  98 -  60).

Anal. Calcd for C29H420 5: C, 74.01; H, 9.00. Found: C, 73.79; 
H, 9.11.

The other components of the isomeric mixture were present in 
smaller amount and were well resolved on tic, but were not ex
amined in detail.

Condensation o f A ldehyde 3 w ith  B u t-2 -e n o lid e .18 But-2-eno- 
lide (1.83 g) and the aldehyde (6.1 g) were condensed as described 
above and the crude product (15.4 g) was recrystallized from 
ethyl acetate (5.1 g). A portion of this material (200 mg) was re
solved into two components by preparative tic with CHCI3- 
MeOH (100:3). One component, 22 (81 mg), had mp 168-174°, 
236-238° (MeOH): ir 1780 sh, 1761, 1739, 1603, 1497, 1475, 754. 
745, 705 cm“ 1; nmr b 0.65 (18 H), 0.83 (d, J  = 7 Hz, 21 H), 1.00 
(19 H), 2.03 (acetate), 2.78 (d, J  = 10 Hz, 23 H), 5.4 (m, 6 H),
7.30 (s, 15 aromatic H); mass spectrum m/e 312,243,165.

Anal. Calcd for C29H42 0 5: C, 74.01; H, 9.00. Found: C, 73.79; 
C, 79.74; H .8 .2 1 .

The other component, 22  (95 mg), had mp 241-244° (EtOAc): ir 
1773 sh, 1745, 1600, 1498, 1475, 762, 748, 705 cm“ 1; nmr b 0.73 (18 
H), 0.73 (d, J  = 6 Hz, 21 H), 1.02 (19 H), 2.02 (acetate), 2.68 (d, J  
= 5.5 Hz, 23 H), 5.40 (m, 6 H), 7.26 (s, 15 aromatic H); mass 
spectrum m/e 397 (M -  243 -  60), 312 (M -  243 -  60 -  85), 243 
(Ci9Hi5+ base peak), 165 (Ci3H9+).

Anal. Calcd for C47H560 5: C, 80.53; H, 8.05. Found: C, 80.26; 
H, 7.90.

The material (10.3 g) in the mother liquor from recrystalliza
tion of 22 was chromatographed with ethyl acetate-petroleum 
ether to give the adduct 21 (0.84 g) contaminated with steroidal 
material 22). It was freed from the contaminant by acid hydrolysis 
which deacetylated the steroid and then chromatography with 
CHCl3-MeOH (50:1): mp 207-209° (ethyl acetate-petroleum 
ether); uv max 199 nm (e 31,100), 253 (561), 259 (630), 264 (596), 270 
(365); ir 1764, 1600 cm-1; nmr 3 2.47-2.83 (m, methylene H),
4.2-4.6 (m, methine H + methylene H a to oxygen); 7.26 (s, 15 
aromatic H); mass spectrum m/e 328 (M+), 243 (Ci9Hi5+, base 
peak), 165 (Ci3H9+).

Anal. Calcd for C23H2o0 2 : C, 84.12; H, 6.14. Found: C, 84.09; 
H, 6.10.
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Two isomeric alkaloids, 11-hydroxycephalotaxine and drupacine, have been isolated from Cephalotaxus har
ringtonia var. drupacea (Sieb. + Zucc.) Koidzumi. Evidence is presented to show that these alkaloids are rep
resented by structures la and 2a, respectively. Close proximity of the two hydroxyl functions of la leads to 
some unusual reaction products. Nearly quantitative conversion of la to ketal 2a occurs under mild acidic con
ditions. Treatment of la with tosyl chloride in pyridine affords cyclic ether 5, and oxidation of la under modi
fied Oppenauer conditions results in formation of hemiketal 7. The diacetate of la is epimerized under extraor
dinarily mild conditions.

Initial investigations of the alkaloids of Cephalotaxus 
drupacea were carried out by Paudler, et a l.,2 and by 
M cK ay .3 Although earlier listed as a member of the fami
ly Taxaceae,4 the genus Cephalotaxus has now been as
signed to a separate family, the Cephalotaxaceae, and the 
plant formerly referred to as C. drupacea is now consid
ered to be C, harringtonia  var. drupacea.6 Two different 
structural types of Cephalotaxus alkaloids have been 
noted; the first group is based on the cephalotaxine ring 
system (3), and the second group embodies the homoer- 
ythrina ring system .6’7 Several natural cephalotaxine es
ters have recently gained attention as potential tumor in
hibitors.8 This paper gives details of the structural deter
minations of two oxygenated cephalotaxine derivatives 
first noted in a seed extract o f C. harringtonia  var. drupa
cea and describes some unusual reactions of hydroxyce- 
phalotaxine. Portions of this work were described in a pre
liminary communication .9

Alkaloids la, 2a, and 3 were isolated by preparative tic 
of an alkaloid concentrate from C. harringtonia  var. dru
pacea twigs. The first of these (la, C18H2 1NO5, [a ]26D 
— 139°) had a broad hydroxyl band in its ir spectrum (3500 
cm -1 ) indicative of strong intramolecular hydrogen bond
ing. An nmr spectrum of la contained signals (Table I) 
that allowed assignment of the cephalotaxine (3 ) ring sys
tem to la and, in addition, exhibited a signal at 8 4.78 
which was assigned to a proton on a carbon bearing both 
hydroxyl and aryl groups (C n ). Preparation of a di-O-ace- 
tyl derivative (lb, C22H25NO7) demonstrated that la con

tained two hydroxyl groups. Signals attributed to protons 
on the two hydroxyl-bearing carbons (C3 and C n ) were 
shifted markedly downfield, as expected, upon acetylation 
of la. These observations led to the conclusion that la 
was an 1 1 -hydroxycephalotaxine.9

R'

The second alkaloid was isomeric with la (2a, 
C18H2 1NO5, [a ]26D -137°), and its ir spectrum demon
strated the presence of at least one hydroxyl group (3600
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Table INmr Data for Hydroxycephalotaxine (1) and Some Reaction Products0
P roton s  and  ,-------------------------------------------------------------------------------------------------------A lk a lo id ---------------------------------------------- ---------------------------------------- -----------
assignm ents la  lb  2a 2b 4 5 7 9

H -l 4.68 s 4.74 s 1.49 d 1.55 d 4.56 s 4.60 s 5.33 s
H -l ' 2.65 d 2.70 d
J l.v 14.0 14.0
H-3 4.48 d 5.71 d 3.99 d 4.78 d 4.12 t 4.05 d 5.72 d
H-4 3.48 d 3.57 d 3.45 d 3.75 d 3.16 m 3.17 d 3.24 s 3.58 d
cA.4 8 .0 8 .0 9 .0 9.0 5.0 8 .0
H - 1 0 3.21 m 3.26 m 3.05 m 3.07 m 3.16 m 2.77 d 2.79 m 4.25 q&
H -ll 4.78 t 6.17 t 4.87 q 4.90 q 4.71 q 4.74 t 4.76 m 6.34 q
H-14 jÎ6.62 s 6.58 s 6.65 s 6.51 s 6.56 s 6.64 s 6.67 s 6.59 s
H-17 (6 .8 8  s 6.70 s 6.65 s 6.63 s 6.81 s 6.67 s 6.73 s 6.69 s
-OCHs 3.71 s 3.68 s 3.47 s 3.45 s 3.39 s 3.68 s 3.72 s 3.80 s
- o c h 2o 5.91 s 5.90 s 5.82 s 5.87 m 5.87 s 5.89 s 5.89 s 5.97 s
-0 C (= 0 )C H 3 1f 1.85 s 

2.06 s
1 . 6 6  s 1 . 8 8  s 

2.09 s

0 Measured in CDC13 with a Varian HA-100 spectrometer. Chemical shifts (5) are expressed in ppm from tetramethylsilane
and coupling constants (J) are expressed in Hz. b This signal is due to only one of the H-10 protons.

Figure 1. Stereoformula of 11-hydroxycephalotaxine (la): O , car
bon; ©, nitrogen; O , oxygen.

cm -1 ); no carbonyl band was present. As in the case of 
la , there were signals in the nmr spectrum of 2 a associ
ated with a methylenedioxy group (8 5.82), two para aro
matic protons (6 6.65), a methoxyl group (6 3.47), and a 
proton on an oxygen-bearing carbon (5 3.99) which was 
coupled to a benzylic proton (8 3.45). The signal at 8 3.99 
appeared as a broad triplet in CDCI3 but collapsed to a 
sharp doublet when D20  was added. Absence of any vinyl 
proton signals argued against the presence of a double 
bond in 2a. A quartet appeared at 8 4.87 which was the X  
portion of an ABX system. Assuming that 2a also had the 
cephalotaxine ring system, this signal was assigned to a 
proton on a carbon bearing both oxygen and aryl functions 
(C n ). An outstanding feature in the nmr spectrum of 2a 
was the presence of two coupled (J  = 14.0 Hz) one-proton 
doublets at 8 1.49 and 2.65. This coupling suggested that 
these were geminal protons in an isolated methylene 
group (C i); no similar pair of doublets appeared in the 
spectrum of la . Acetylation of 2a gave a mono-O-acetyl 
derivative (2 b, C20H23NO6) demonstrating that 2 a con
tained only one hydroxyl group. The doublet at 8 3.99 in 
the nmr spectrum of 2a shifted downfield to 8 4.78 in 2b; 
however, the quartet at 8 4.87 was essentially unaffected. 
Thus the oxygen function assigned to C n  was necessarily 
involved in an ether-type linkage, and we concluded that 
the structure of 2a could only be as shown. An alternative 
structure with an oxygen bridge between C 10 and C2 was 
considered unlikely from the nmr data and from inspec
tion of molecular models.

Alkaloid 2a, for which we propose the name drupacine, 
can be regarded as a ketal formed by intramolecular addi
tion of the C n  hydroxy group of la  to the double bond.

McKay3 reported an alkaloid (Cephalotaxus alkaloid G) 
with an nmr spectrum similar to that of 2 a although he 
did not assign a structure to it. In a recent paper, As- 
ada10a reported an extensive reinvestigation of Cephalo
taxus alkaloids including isolation of a compound (alka
loid IV) which he considers to be identical with M cKay’s 
alkaloid G.10b Neither of these workers appears to have 
encountered 1 1 -hydroxycephalotaxine.

The structural relationship between la  and 2a was con
firmed by converting la  to 2 a under mildly acidic condi
tions; this conversion was essentially complete after 6 hr 
in 1.0 N  hydrochloric acid at ambient temperature. In 5% 
tartaric acid, the reaction was approximately 5% complete 
in 1  hr and 50% complete in 24 hr. These observations 
suggest that a portion of 2a from Cephalotaxus may be an 
artifact of isolation. However, it is unlikely that all of 2a 
is formed in this manner since the time in contact with 
5% tartaric acid was less than 2 hr during our isolation 
procedure. In order for such a reaction to occur, the con
figuration at C n  must be as shown in the accompanying 
stereoformula for la  (Figure 1). Molecular models reveal 
that a hydroxyl group at C n  is easily within bonding dis
tance of C2 and that the cage-like structure of 2a is rigid 
but relatively unstrained. Models also demonstrate the 
close proximity of the C3 and C n  hydroxyl groups of la 
and explain the strongly hydrogen-bonded hydroxyl ab
sorption noted in the ir spectrum.

We have confirmed the earlier observation that cephalo
taxine (3) is resistant to catalytic hydrogenation.3 In con
trast, alkaloid la  was reduced to 1 1  -hydroxy-1 ,2 -dihydro- 
cephalotaxine (4) in good yield with Adams catalyst in 
acetic acid. Under identical conditions, lb , 2 a, and 3 all 
gave no reaction. It is not apparent why the 1 1 -hydroxyl 
group of la  should have such an accelerating effect on re
duction. The configuration of the methoxyl group in 4 is 
uncertain although the nmr spectrum indicates that only 
one epimer is formed.

Previous experimentation had shown that the C3 hy
droxyl in cephalotaxine (3) is resistant to tosylation de
spite the fact that it is readily acetylated. We anticipated 
that the C n  hydroxyl in la  might be tosylated, leaving 
the C3 hydroxyl unaffected and thus allowing removal of 
the C n  oxygen function by reduction with lithium alumi
num hydride. However, when la  was treated with p-tolu- 
enesulfonyl chloride in pyridine, the only identifiable 
product was a cylic ether (5, C18H 19NO4). The structure 
of 5 was deduced from inspection of its ir (no hydroxyl or 
carbonyl), nmr, and mass spectra. Formation of 5 could 
be explained if an intermediate C n  tosylate or chloride
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were the initial product. The chloride intermediate would 
most likely be inverted at C u  and consequently would be 
in a favorable position for back-side attack by the C3 oxy
gen function to give the observed product. Similar chlo
rination reactions accompanied by inversion have been 
observed with methanesulfonyl chloride.11-lla

TsCl
la ---------

modified
Oppenauer

OH

Oxidative approaches were also considered as a possible 
means of interconverting la  and 3. Previous work had 
demonstrated that cephalotaxine is oxidized to cephalo- 
taxinone by a modified Oppenauer procedure.3 -12  We ap
plied this method to la  and obtained neither a dione nor 6 
but instead isolated an abnormal product which was iden
tified as 11-hydroxycephalotaxinone hemiketal (7). Al
though the nmr spectra o f 5 and 7 were quite similar, the 
signal due to the proton on C3 (d, 5 4.05) in 5 was absent 
in the spectrum of 7, and the signal assigned to the proton 
on C4 appeared as a singlet (rather than a doublet). M olec
ular models again demonstrated the rigid, but not highly 
strained, character of both 5 and 7.

The relationship between compounds 6 and 7 is similar 
to that encountered with prometaphanine, which report
edly exists as an equilibrium mixture of a ketone (8a) and 
a hemiketal (8b ) . 13

Slabaugh and Wildman14 have reported the removal of 
a benzylic hydroxyl function in a successful conversion, of
6 -hydroxypowelline to powelline. The first step of their se
quence involved a selective hydrolysis of 3 ,6 -0 ,0-di- 
acetylhydroxypowelline to 3-0-acetylhydroxypowelline at 
ambient temperature in dioxane-water. Following their 
procedure, we attempted selective hydrolysis of lb  which 
gave an isomer (9) rather than the desired product, 3 -0- 
acetylhydroxycephalotaxine ( 1 0 ). Compound 9 was easily

0

II
OCCH,

separated from the remaining lb by preparative tic, and ir 
indicated that it contained no free hydroxyl groups. Mass 
spectra of lb and 9 were nearly identical. An nmr spec
trum of 9 was similar to the spectrum of lb in that there 
were signals which could be attributed to two acetyl 
groups, a methoxyl group, a vinyl proton, a methylenedi- 
oxy group, and two aromatic protons. Also present was the 
characteristic pair of one-proton doublets due to the C3 
and C4 protons (6 5.72 and 3.58, J  =  8.0 Hz). The chemical 
shift and coupling constant of the C3 proton were nearly 
the same in both lb and 9 indicating that the configura
tion at C3 had not changed. The vinyl proton signal had 
shifted downfield to 5 5.33 in the spectrum of 9. A one- 
proton quartet at 5 6.34 was assigned to the C u  proton, 
and another quartet at 5 4.25 was assigned to one of the 
two C10 protons. These two protons were coupled, J  =
11.0 Hz. Thus alkaloid 9 could only be the C u  epimer of lb. An acetate at C3 is situated in an ideal position for 
transannular interaction with a C n  hydroxyl group 
formed in the hydrolysis. Although the mechanism of the 
epimerization is not known, Sn2  attack by the acetate ion 
on an ortho acid intermediate (11) could explain the re
sults.

Other approaches to the interconversion of la  and 3 in
volved attempts to functionalize 3 at C u . Oxidation of 3 
under Etard conditions15 gave a low yield of cephalotaxi
none as the only recognized product. Reaction of 3 with 
Af-bromosuccinimide, 16 in an attempt to brominate 3 se
lectively at C u , again gave only cephalotaxinone; oxida
tion of alcohols is a well-known alternative reaction of N - 
bromosuccinimide.17  Future attempts to functionalize 3 
at C u  should be carried out on suitably blocked deriva
tives because the C3 hydroxyl is quite sensitive to oxida
tion.

Conversion of la  to 2a and to 5 and 7 leads us to con
clude that the two hydroxyl groups can only be at C3 and 
C u  with stereochemistry as shown. Examination of spec
tral data, molecular models, and considerations of possi
ble mechanisms of formation of these products and of 9 all 
reinforce our structural assignment for la  which, inciden
tally, occurs as the most hindered of four possible geomet
ric isomers. C. harringtonia  var. drupacea is unique in 
containing these two alkaloids (la  and 2 a) not yet found 
elsewhere.6’18

Experimental Section
Melting points were determined on a Fisher-Johns19 block and 

are uncorrected. A Beckman DK-2A spectrophotometer was used 
to record uv spectra, and ir analyses were done on 1 % solutions in 
CHCI3 with a Perkin-Elmer Model 137 instrument. Optical rota
tions were determined with a Cary Model 60 recording spectropo- 
larimeter in 0.5-dm cells. Low-resolution mass spectra were ob
tained on a Du Pont (CEC) 21-492-1 spectrometer, and high reso
lution data with a Nuclide 12-90G spectrometer. Proton nmr 
spectra were measured with a Varian HA-100 instrument in 
CDCI3 solution, and extensive spin decoupling was used to verify 
assignments.

All compounds and reaction mixtures were analyzed by tic with 
appropriate solvent systems, normally CHCI3 MeOH (9:1), on 
Brinkmann precoated 0.25-mm Silica Gel F-254 plates. Spots 
were visualized by staining the plates with iodine vapor. Prepara
tive tic separations were made on 1 -mm Silica Gel G layers and9
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visualized with Bromothymol Blue. Samples were recovered from 
silica gel by washing with CHC13 MeOH (3:1), and all CHC13 ex
tracts were routinely dried over anhydrous Na2S0 4.

Isolation of Alkaloids. The general method for isolating crude 
alkaloid mixtures from Cephalotaxus plant material has pre
viously been described in detail.6 Cephalotaxus harringtonia var. 
drupacea (Sieb. + Zucc.) Koidzumi plants parts examined in this 
study included leaves, green twigs, woody stems, and seed.20 
Yields of crude alkaloid, expressed as percentages of total plant 
material, were as follows: leaf (0.15), twig (0.13), stem (0.12), and 
seed (0.81). Preliminary tic of the leaf, twig, and stem samples 
indicated similar compositions with major amounts of alkaloids 
la and 2a along with lesser amounts of 3 and three minor uniden
tified materials. The seed sample contained several additional al
kaloids.

A 1.0-g sample of crude alkaloid from twigs was separated on 
ten preparative tic plates, which were developed with 15% MeOH 
in CHC13. This procedure gave alkaloids la (280 mg), 2a (290 
mg), 3 (167 mg), and a mixture of unidentified materials (75 mg).

Preliminary separation of a 12.2-g sample of seed alkaloid was 
done by countercurrent distribution, and final separation of the 
individual alkaloids was carried out by a combination of column 
chromatography and preparative tic. The entire procedure was 
described earlier.6 Final alkaloid yields were as follows: la (1.2 g), 
2a (1.9 g), and 3 (3.8 g). Two other alkaloids were positively iden
tified by their mass and nmr spectra: harringtonine (0.8 g) and 
isoharringtonine (0.4 g).8 A 3.3-g loss was encountered, most of 
which occurred during the column chromatographic step and left 
0.9 g of unidentified material.

11-Hydroxycephalotaxine (la). Alkaloid la afforded colorless 
crystals from MeOH: mp 235-242° dec; [o]26d -139° (c 0.56, 
CHCI3); ir (CHC13) 3500 cm - 1  (broad hydroxyl); nmr (Table I); 
mass spectrum (70 eV) m/e (rei intensity) 331 (100), 314 (61), 313
(39), 300 (24), 298 (39), 295 (36), 287 (24), 270 (59), 255 (25), 253 
(21), 244 (22), 214 (24), 138 (24), 110 (22).

Anal. Calcd for C18H21NO5: C, 65.24; H, 6.38; N, 4.22. Found: 
C, 65.41; H, 6.41; N, 4.23.

3,11-0,0-Diacetylhydroxycephalotaxine (lb). A 430-mg sam
ple of la was acetylated in 6 ml of acetic anhydride-pyridine 
(1 :1 ) 18 hr at 26° and was then evaporated to a red-brown syrup 
on a rotary evaporator. The residue was dissolved in dilute 
NH4OH, and products were recovered by CHC13 extraction. 
Crude product (443 mg) gave 265 mg of lb after preparative tic on 
three plates (5% MeOH in CHC13). Alkaloid lb was obtained as a 
white amorphous solid: [a]26D -168° (c 0.42, CHCI3); uv max 
(C2H5OH) 289 nm (e 3520), 237 (5830); ir (CHC13) 1740 cm" 1 
(ester carbonyl); nmr (Table I); mass spectrum (70 eV) m/e (rei 
intensity) 415 (10), 372 (7), 356 (30), 342 (100), 329 (4), 324 (3), 
312 (5), 296 (11), 282 (5), 268 (6), 264 (5), 253 (5), 252 (5), 227 (5), 
214(9).

Drupacine (2a). Alkaloid 2a afforded colorless crystals from a 
minimum solution of MeOH-CHCl3 (1:1) to which a large excess 
of hexane had been added: mp 70-72°; [a]26D -137° (c 0.79, 
CHCI3); uv max (C2H5OH) 291 nm (t 4090), 242 (3110); ir 
(CHCI3) 3600 cm - 1  (hydroxyl); nmr (Table I); mass spectrum (70 
eV) m/e (rei intensity) 331 (88), 314 (10), 300 (26), 272 (10), 242
(14), 228 (23), 214 (14), 190 (84), 173 (14), 161 (73), 160 (14), 159
(20), 154 (41), 142 (100), 141 (48), 138 (38), 131 (16), 124 (28), 110
(31), 96 (18), 83 (36), 70(18).

Anal. Calcd for C18H21N05: C, 65.24; H, 6.38; N, 4.22. Found: 
C, 65.55; H, 6.49; N, 4.13.

3-O-Acetyldrupacine (2b). A 53-mg sample of 2a was convert
ed to 2b (47 mg) by the procedure cited for the preparation of lb. 
Acetate 2b was obtained as an amorphous white solid upon evap
oration of an ether solution under vacuum: mp 75-90°; [ar]26D 
+26° (c 0.23, CHCI3); ir (CHCI3) 1740 cm - 1  (ester carbonyl); nmr 
(Table I); mass spectrum (70 eV) m/e (rei intensity) 373 (77), 356
(12) , 330 (10), 314 (100), 254 (10), 242 (13), 228 (12), 214 (11), 190
(13) , 189 (11), 173 (18), 172 (33), 161 (36), 154 (20).

Conversion of Hydroxycephalotaxine (la) to Drupacine (2a).
An 88-mg sample of la in 10 ml of 1.0 N  HC1 was allowed to react 
at 26° for 6 hr. The reaction mixture was basified with Na2C0 3 
and then extracted repeatedly with CHC13. Preparative tic of the 
crude product (91 mg) yielded 86 mg of 2a: [c*]26d -62° (c 0.70, 
CHC13). The nmr, ir, uv, and mass spectra of 2a produced in this 
manner were all indistinguishable from the corresponding spectra 
of naturally occurring 2a.

In order to approximate acidic conditions encountered during 
isolation of the crude alkaloid mixture, 35-mg samples of la were 
allowed to stand in 5% tartaric acid solution (26°) for periods of 1 
and 24 hr, respectively. Products were recovered, after basifica-

tion with ammonia, by extraction into CHC13. Under these condi
tions, conversion of la to 2a was approximately 5% complete in 1 
hr and 50% complete in 24 hr, as judged by tic.

Hydrogenation of Hydroxycephalotaxine (la). A 53-mg sam
ple of la was hydrogenated at 26° and atmospheric pressure using 
Adams platinum catalyst in glacial HOAc (4 hr). Compound 4 
(26 mg) was obtained by preparative tic: ir (CHCI3) 3400 cm- 1  
(broad hydroxyl); nmr (Table I); mass spectrum (70 eV) m/e (rel 
intensity) 333 (100), 318 (28), 302 (18), 274 (65), 245 (64), 244 (35), 
228 (46), 227 (21), 214 (18), 188 (20), 140 (26), 128 (19), 126 (39), 
112 (27), 96 (37). Under identical conditions, lb, 2a, and 3 all 
gave no reaction.

Anal. Calcd for Ci8H23N0 5: M+, m/e 333.158. Found: M+, 
m/e 333.156.

Compound 5 from Attempted Tosylation of la. To a solution 
of 120 mg of la in 5 ml of pyridine was added 177 mg of p-toluene- 
sulfonyl chloride, and the resulting solution was allowed to react 
at 26° for 18 hr. Solvent was then evaporated under reduced pres
sure, the residue was dissolved in dilute NH4OH, and 103 mg of 
crude product was recovered by ether extraction. Preparative tic 
of the crude product yielded 19 mg of 5 along with 60 mg of a 
complex mixture of ill-defined materials. Compound 5 was an 
amorphous solid: [a]26D +23° (c 0.18, CHC13), ir (CHCI3) no hy
droxyl or carbonyl bands; uv max (C2H5OH) 291 nm (e 4460); 
nmr (Table I); mass spectrum (70 eV) m/e (rel intensity) 313 
(100), 298 (26), 282 (8), 270 (9), 255 (10), 243 (10), 188 (14), 175 
(25), 150(16), 110(22).

Anal. Calcd for C18H19NO4: M+, m/e 313.131. Found: M+, 
m/e 313.129.

Oppenauer Oxidation of la and Recovery of 11-Hydroxyce- 
phalotaxinone Hemiketal (7). Alkaloid la (129 mg), benzophe- 
none (540 mg), and potassium terf-butoxide (86 mg) were dis
solved in 25 ml of tert-butyl alcohol, and the solution was re
fluxed for 6 hr. Solvent was removed on a steam bath under a 
stream of N2, the residue was dissolved in 5% HOAc, and the re
sulting solution was extracted with CHC13 to remove neutral or 
acidic materials. The remaining aqueous solution was basified 
with NH4OH and extracted again with CHC13. Preparative tic of 
the crude product (86 mg) gave 49 mg o'f 7 and 24 mg of unreact
ed la. Compound 7 was an amorphous material: ir (CHC13) 3600 
cm - 1  (hydroxyl); nmr (Table I); mass spectrum (70 eV) m/e (rel 
intensity) 329 (100), 314 (18), 312 (22), 311 (13), 298 (17), 296 (22), 
286 (25), 268 (19), 241 (15), 166 (15), 150 (45), 139 (77).

Anal. Calcd for C18H19NO5: M+, m/e 329.126. Found: M+, 
m/e 329.126.

Attempted Selective Hydrolysis of lb. A solution of 60 mg of
lb in 10  ml of dioxane-water (1 :1 ) was allowed to stand at room 
temperature for 72 hr. The solution was evaporated under re
duced pressure, and chromatography of the crude product on a 
silica gel plate yielded 16 mg of unreacted lb and 2 1 mg of a new 
compound (9). The amorphous compound 9 gave no hydroxyl 
bands in the ir; nmr (Table I); mass spectrum (70 eV) m/e (rel 
intensity) 415 (5), 414 (6), 356 (11), 355 (6), 343 (19), 342 (100), 
328 (8), 310 (6), 298 (5), 296 (6), 284 (6), 282 (5), 280 (5), 214 (6).

Anal. Calcd for C22H25NO7: M+, m/e 415.163. Found: M+, 
m/e 415.164.

Oxidation of 3 with Chromyl Chloride. To a solution of 1.0 g 
of 3 in CC14 was added a solution of 0.3 ml of chromyl chloride in 
5 ml of CCI4. Considerable precipitate was formed immediately 
upon addition, and the mixture was allowed to stand for 3 hr. 
The precipitate was filtered and washed with CCI4, yielding 285 
mg of product. The precipitate was then dissolved in dilute aque
ous NH4OH, and the resulting solution was extracted repeatedly 
with CHCI3 to yield an additional 500 mg of product. The recov
ered fractions appeared to be identical by analytical tic and so 
they were combined; 400 mg of this mixture was separated by 
preparative tic. This procedure yielded 21 mg of cephalotaxinone 
and 286 mg of unreacted 3. These products were identical with 
known samples of the alkaloids as judged by ir, nmr, and mass 
spectra.

Reaction of 3 with IV-Bromosuccinimide. To a solution of 200 
mg of 3 in 6 ml of CCI4 was added 115 mg of IV-bromosuccinim- 
ide, and the resulting mixture was refluxed for 2 hr. Solids were 
then filtered and washed with CHC13. The filtrates yielded 237 
mg of crude product which was then separated by preparative tic. 
This procedure gave 68 mg of cephalotaxinone and 48 mg of un
reacted 3.
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The oxymercuration-demercuration procedure, in aqueous THF, was applied to limonene ( 1 ) to investigate 
the behavior of its two double bonds. It was shown that cis-1,8-terpin (cts-7) and 1,8-cineole (9) were produced 
when a 1:2 limonene-Hg(OAc)2 mole ratio was used. Production of a-terpineol (5) together with cis-7 and 9 was 
observed when the limonene-Hg(OAc)2 mole ratio was reduced (1:1 and 1:0.5). The reactions were very fast and 
no oxidative side process was evident. Further information on the reactivity of the endocyclic limonene double 
bond was given by comparison of the behavior of 5 and 1 -p-menthene under the same reaction conditions. The 
results indicate that the first hydroxyl group that adds onto the external limonene double bond enhances the re
activity of the internal double bond, promoting a high overall reaction rate. Moreover, the unexpected produc
tion of both cis-7 and 9 indicates that, although the first hydroxyl group is in an ideal position to react, via a 
six-membered ring, to give the corresponding cyclic ether 9, the latter only partially forms, the major product 
being the corresponding diol cis-7.

We undertook the present study in order to investigate 
the relative reactivity of the two differently hindered un
conjugated double bonds of limonene, with respect to the 
mercuric acetate addition, as part of a program which in
volves the combined use of mercuric acetate addition and 
tic as a qualitative analytical tool for the monoterpene hy
drocarbon class.1 The isolation for identification purposes 
of the hydroxymercurials obtained carrying out the addi
tion reactions in aqueous medium, appeared to be a mat
ter of considerable difficulty. We then monitored the reac
tions via the isolation and identification of the products 
obtained by reduction of the mercuric adducts with 
NaBFLj,, according to Brown’s procedure.2 This consists of 
an oxymercuration-demercuration sequence which pro
vides, in this case, a convenient method of obtaining 
known monoterpene alcohols, easily detectable by glpc.

Results and Discussion
The following oxymercuration-demercuration scheme 

might result if account is taken of both reaction sites on 
the limonene molecule (Scheme I).

The reaction carried out in a 1 : 2  limonene-mercuric ac
etate molecular ratio was very fast, 3 coming to completion

in a matter of seconds. Analysis for alcohols, after reduc
tion, showed an almost quantitative yield of cis-1 ,8 -terpin 
(cis-7) (hydrate) and 1,8-cineole (9). This implies that the 
endo- and exocyclic double bonds, despite the different 
steric hindrance, show a similar high reactivity. On the 
other hand, a considerable difference in reactivity should 
have promoted a sequence in the mercuration stage, most 
likely initially involving the external double bond and 
then the internal one after the first attack arrived at com 
pletion. Accordingly, running a reaction in a 1:1 limo
nene-mercuric acetate molecular ratio, would give rise to 
the adduct 4 as the major product which, on reduction, 
leads to a-terpineol (5), while /J-terpineol (3), cis- or 
trans-7 and 9, which originate respectively from 2, 6 , and 
8 adducts, should be absent or present in only very small 
amounts. On the contrary, a high yield of cis-7 (hydrate) 
and 9, together with the expected 5, was observed carry
ing out this 1 : 1  reaction, which was complete in the same 
time as the 1 : 2  ratio reaction. Obviously a corresponding 
amount of unreacted limonene was also found. The same 
situation concerning both products and rate was also ob
served running a 1:0.5 limonene-mercuric acetate reac
tion. It should be emphasized that the reactions were ex-
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Scheme I

tremely smooth under the standard experimental condi
tions and that no side oxidation process was evident even 
when an excess of mercuric salt was used (1:4).

From these results it was apparent that in the adduct 4 
the reactivity of the endocyclic double bond was so tre
mendously enhanced as to compete favorably with the ex
ternal limonene double bond.

To support this point of view we then explored the ef
fect of oxymercuration on 1 -p-menthene to ascertain the 
reaction rate of its endocyclic double bond. Under the 
standard operative conditions ( 1 :1 ), the reaction was 
markedly slower with respect to limonene and, even in 30 
min, the yield of alcohol was not quantitative. This made 
it evident that the limonene trisubstituted double bond, 
although seemingly comparable with that o f 1 -p-men
thene, displayed more reactivity than expected. We there
fore thought that the factor which might influence the 
overall reaction rate might be the presence of the exocy- 
clic unsaturation in the limonene molecule. Assuming 
that mercuric salt attack took place primarily on this 
double bond, leading to the adduct 4 at an extremely high 
rate, the subsequent reactivity increase of the endocyclic 
double bond, leading to the adduct 4 at an extremely high 
oxymercuration elements (hydroxyl group and acetomer- 
cury group) or, more simply, only to the hydroxyl group in 
position 8 .

In order to test these hypotheses, a reaction on a-terpin- 
eol was made using standard conditions in a 1 : 1  reagent 
ratio. The observed rate was as high as for limonene and a
2 -min reaction time was sufficient to obtain an almost 
quantitative yield of cis-7 and 9 in relative amounts com 
parable to those from limonene.4 ’5

It must be noted that, in an early paper, Sand, et a l.,6 
and most recently Brook, et a l.,7 reported the production 
o f 9 and trans-7, without trace of its cis isomer, when the 
oxymercuration of a-terpineol was carried out with mercuric 
nitrate in a heterogeneous aqueous medium. However, 
applying the standard borohydride reduction procedure to 
the adducts obtained by Sand’s method, we found that 
cis- 7  was formed together with the trans isomer (=¿1 : 2  rel
ative ratio). 1 ,8 -Cineole (9) was also present. See Table I.

Table ISummary of Oxymercuration- Demercuration Reactions
C o m p d / ✓----------------R e a c tio n  p ro d u c ts ,“ %■

C om pd H g(OAc)a 1 5 c is -7 tra n s-7 9

i 1:2 3 . 2 7 2 . 2 2 4 . 6
i 1:1 3 0 . 5 3 5 . 1 2 6 . 0 8 . 4
i 1 : 0 . 5 6 8 . 3 1 5 . 5 1 3 . 0 3 . 2
5 4 1:1 2.2 68.6 2 9 . 2
5« 1:1 2 2 . 4 20.2 4 8 . 8 8.6

• Calculated by taking the sum of glpc peak areas as 100. 
b Standard procedure. c Sand, et al., modified procedure.

In conclusion, the overall results of this study reveal 
that, in the oxymercuration of limonene, the first hydrox
yl group to enter influences the successive introduction of 
the mercuration elements on the endocyclic double bond 
by enhancing the corresponding reaction rate, so that the 
two 1,2-Markovnikov additions did not occur as competi
tive steps.

The operative reaction conditions play a decisive role on 
the adduct sterochemistry. The procedure used displays 
high stereospecificity leading only to the cis isomer of ter- 
pin while the earlier procedures, in heterogeneous medi
um, give rise to both cis and trans isomers.

Although it was observed that the possibility of forma
tion of five- or six-membered cyclic ethers promotes an al
most quantitative yield of these with respect to the corre
sponding diols,8 in the present case limonene gives rise to 
considerable amounts of both types of products. This 
suggests that both the 8 -hydroxyl internal group and 
water act as competitive nucleophiles with respect to the 
1  position during oxymercuration and that neither of the 
two fully predominates.

Experimental Section
Materials. Limonene (1) and 5 were obtained commercially 

and purified before use by preparative glpc. 1 -p-Menthene was 
prepared by sodium amyl alcohol reduction of «-phellandrene. 
The procedure was essentially identical with that described by 
Semmler9 except for the removal of the excess amyl alcohol, 
which was performed by column chromatography over silica gel, 
using n-hexane as eluent. From the eluate 1-p-menthene was iso
lated by preparative glpc using a 2.7 m x 7.8 mm i.d. column 
packed with 20% Carbowax 20M on Chromosorb A, 60-80 mesh, 
80-160°, 3°/min. The ir spectrum was identical with that reported 
in the literature.10 traris-1 was obtained according to Baeyer’s 
method. 11 All chemicals and solvents were reagent grade and 
used as obtained.

Oxymercuration-Demercuration Reactions. Limonene (1).
Limonene (10 mmol) was added under stirring to the solvent sys
tem (10 ml H20  + 10 ml THF) containing 20 mmol of Hg(OAc)2, 
to perform the 1:2 mole ratio reaction. Mercuric acetate (10 mmol 
or 5 mmol) was employed in the 1:1 or 1:0.5 mole ratio reactions 
under the same conditions. The disappearance of the yellow sus
pension which formed when THF was added to the aqueous solu
tion of Hg(OAc)2 was used to monitor the reaction rate.2 The 
time required was 7-10 sec in all cases; hence, all reactions were 
allowed to proceed for the same time period (2 min) before ini
tiating the reduction. This was performed using 20, 10, or 5 ml of 
both 3 M  NaOH and a 0.5 M  solution of NaBH4 in 3 M  NaOH for 
the 1:2, 1:1, or 1:0.5 mole ratios, respectively. After stirring until 
all the mercury had coagulated, the aqueous layer was saturated 
■with K2C 03 and the upper THF layer separated. The aqueous 
phase was again extracted twice with 10-ml portions of THF. The 
combined THF extracts were then dried over anhydrous K2C 03.

1-p-Menthene. The reaction, carried out in standard condi
tions in a 1:1 reagent ratio, required 3 min for the disappearance 
of the yellow suspension. A time period of 30 min was then al
lowed to elapse before reduction.

a-Terpineol (5). Standard Procedure. a-Terpineol (5) and 
Hg(OAc)2 (both 10 mmol) were allowed to react under standard 
conditions to perform a 1:1 reaction. Since the yellow suspension 
vanished in 7 sec, the reaction was allowed to continue for 2 min.
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ff-Terpineol (5), Modified Sand Procedure. The original 
method6 was exactly followed for the oxymercuration stage using 
10 mmol of reagents (2.16 g of HgO and 1.54 g of 5). When the ad
dition was complete, the subsequent reduction was performed by 
the standard procedure adding 10 ml of 3 M  NaOH and 10 ml of 
0.5 M  NaBHi in 3 M  NaOH to the reaction mixture and extract
ing with THF as stated above.

Analyses. Qualitative and quantitative analyses were made by 
glpc. After evaluation of several types of glpc columns, the best 
choice was a 3 m x 3.5 mm i.d. glass column packed with 5% 
QF-1 on Anakrom ABS, 90-100 mesh (10 min at 80-170°, 3°/ 
min), which also worked well for the separation of 9 from 1. The 
dried THF extracts were gas chromatographed and the reaction 
products identified by comparison of their retention times with 
those of authentic samples. On the other hand, column chroma
tography on silica gel (Merck, 200 mesh ASTM) was found ade
quate for isolation of 1, 9, and 5, eluting with a benzene-ethyl ac
etate 40:60 mixture. Subsequent elution with methanol drew cis- 
7. In this case all these compounds were identified by ir spectros
copy after purity checks carried out by glpc and tic on Merck sili
ca gel G with various solvent systems.

Quantitative determinations were performed by glpc peak area 
evaluation using a Perkin-E.lmer SIP- 1  electronic integrator. Cal
culation of relative weight percentages required the determination 
of relative detector (FID) response factors from a THF standard 
solution of known amounts of 1, 9, 5, and cis-7. Each reaction was 
repeated to ascertain quantitative reproducibility, and percent

ages in the text represent average results. In every case reproduc
ibility was within ±1.5%.
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/3-Pinene (1), a-pinene (2), camphene (3), carvomenthene (4), and limonene (5) were treated with commercial 
diethyl hydrogen phosphite to yield phosphonates. The phosphonate addition to the pinenes yielded p-men- 
thenyl derivatives, to camphene yielded isocamphanyl derivatives, and to limonene yielded diphosphonates, 
with a bornyl derivative as a minor product. Structures based on ir and nmr data are discussed.

«

As part of this laboratory’s efforts to produce flame-re
sistant naval stores derivatives, it was of interest to pre
pare some terpenyl phosphonic acids or phosphonates.

The preparation of alkyl phosphonates from olefins has 
been studied to some extent. Pudovik and Konovalona2 
used uv light or benzoyl peroxide to effect 1:1 anti-Markov- 
nikov addition of dialkyl phosphonates to unsaturated hy
drocarbons. They noted that telomers and polymers also 
were formed. Stiles, et a l.,3 obtained polymers when per
oxides were used to initiate the addition of dialkyl phos
phonates to olefins. Recently, Callot and Benezra,4 using 
benzoyl peroxide, added dimethyl phosphonate to norbor- 
nadiene to yield a norbornene phosphonate, two diphos
phonate derivatives, and a nortricyclene derivative.

In this study we treated commercial diethyl hydrogen 
phosphite (DEHP) with /3-pinene (1), a-pinene (2), cam
phene (3), carvomenthene (4), and limonene (5) in the 
presence of di-tert-butyl peroxide (DTBP). From 1 a 94% 
yield of a single product (6 ) was obtained. The elemental 
analysis established that it was a 1:1 adduct. The pres
ence of a P = 0  absorption4 at 1245 cm - 1  in its infrared 
spectrum showed that the terpenyl linkage was to the 
phosphorus, as expected, not to the oxygen. The appear
ance of a broad olefinic proton peak at 5.53 ppm in the 
nmr spectrum showed that the addition had been accom
panied by ring opening, as in the case of other free radical 
additions to d-pinene.® The other features of the nmr 
spectrum were in accord with this assignment. It should

be noted that the C7-H2 resonance at 2.16 ppm was de- 
shielded by only about 0 .2  ppm from the normal allylic 
methylene position6 by the phosphonate group. As pre
viously reported, 7 the ethoxy methylene was a quintet due 
to equal coupling to the methyl protons and to phospho
rus.

1 2 3 4 5

6 7 8

R = PO(OCH2CH3)2

A single product (7) was also obtained from 2, but the 
yield was somewhat lower (56%). As with 6 , elemental 
analyses and infrared spectrum indicated that it was a 
ring-opened 1 : 1  adduct. On steric grounds, the phosphonyl 
radical should attack 2 trans to C6 leading to 7 . This con
figuration was confirmed by the high molecular rotation of
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the product,8 which also strongly supports an equitorial 
isopropyl conformation. Again the effect o f the phospho- 
nate group on chemical shifts is of interest. The vicinal, 
allylic methyl group was deshielded by about 0.15 ppm, 
but the protons common to 6 and 7  had essentially the 
same shielding. The deshielding effect of the phosphonate 
group on the C6-methine proton was difficult to evaluate, 
but appeared to be of the same order o f magnitude as its 
effect on the C7 methylene protons in 6 .

Compound 3 gave a 97% yield o f a mixture of two iso
mers ( « 2 :1  = 1.07) in a ratio of about 1:3 in order of emer
gence. The major isomer was isolated in about 90% purity 
by preparative gas chromatography (pgc). Davis, et a l.,9 
added thiophenol to 3 under radical conditions and re
ported only the emio-isocamphanyl product, but they 
pointed out that with bulkier reagents both exo and endo 
products should be formed. In no case did they observe 
skeletal rearrangement of the norbornane ring. On this 
basis, the major product in the present case should be the 
endo-isocamphanyl phosphonate (8 ) and the minor one 
the exo epimer. The nmr spectrum supported the assign
ment of 10-camphanyl structures to both isomers. In par
ticular, the difference in chemical shift between the gemi- 
nal methyl groups of each isomer precluded a rearranged
10-bomyl structure. However, complexity of the low field 
region (five protons between 1.7 and 2.5 ppm) and the 
fact that both the cis and the trans methyls10 of the major 
isomer were more shielded than the corresponding meth
yls of the minor isomer precluded any steric assignment 
based on the nmr spectrum.

In any case, much more endo transfer occurred with 
DEHP than with benzenethiol. The difference can be ra
tionalized on the basis that the steric requirements of the 
diethylphosphonyl radical (or attached group) are greater 
than those of the phenylthioyl group, making the endo 
configuration less favorable, but that, because of the 
greater length of the P -H  bond, steric requirements in the 
transfer step are less for the DEHP, permitting more endo 
transfer. Alternatively, it is reasonable that exo addition 
of the phosphonate radical at C10 will be favored leading 
to the less crowded endo C3 radical, some of which will be 
trapped if diethyl phosphonate is a better transfer agent 
than the thiol.

The product obtained from 4 was an even more complex 
mixture. Analytical glc gave one major peak bracketed by 
two minor peaks and a fourth very minor peak with much 
shorter emergence time. Preparative glc readily separated 
the minoT isomer with the longest retention time, but the 
other minor peak was difficult to separate. By analogy to 
results of other radical additions to 1,4-dialkylcyclohex- 
enes, 1 1  the major product should be the neocarvomenthyl 
phosphonate (9b). The neighboring peaks should be the

R = PO(OCH2CH3)2

carvomenthyl (9a) and neoisocarvomenthyl (9d) isomers. 
The infrared spectra of these three were very similar while 
that of the early peak was different. This supported as

signments of diastereoisomeric structures to the three 
largest peaks and a different structure (z'.e., not 9c) to the 
early peak . 12 The nmr spectrum of the last glc peak indi
cated that it was a single isomer with one POCH2 quintet 
and one Ci-methyl doublet, slightly broadened by long 
range coupling with phosphorus. On the other hand, the 
nmr spectrum of the last two thirds of the major peak13 
exhibited two doublets for Ci methyl and two quintets for 
methylene protons of the diethyl phosphonate group. Ra
tios of the corresponding peak heights for the two patterns 
fall in the range of 35:65 to 40:60, clearly indicating that 
this glc peak was a mixture of two isomers and that all 
four isomers of 9 were formed.

Heteronuclear decoupling of both samples confirmed 
the assumption that the abnormal multiplicity of the 
OCH2CH3 resonance was due to vicinal coupling with 
phosphorus7 and sharpened the Ci-methyl bands enough 
to permit estimation of the methyl-methine coupling (J) 
for each isomer. Among the carvomenthols, J  = 7 Hz for 
the 1 -methyl of neoisocarvomenthol14 and 6 Hz or less for 
the 1 -methyl of the other three. Since in the present case 
J  = ~ 6  Hz for the 1-methyl of both major isomers and 7 
Hz for the isomer with the longest retention time, this iso
mer was assigned structure 9d. The fact that neoisocarvo
menthol also has a longer retention than its diastereo- 
mers15 supports this assignment. A similar rationale 
based on optical rotation can be used to assign structure 
9a to the first minor peak. With C4 fixed in the R configu
ration, carvomenthol is levorotatory. The other three iso
mers are dextrorotatory.1 5 '16 The agreement in molecular 
rotation [Md ] between 7 and irons-carvotanacetol8 indi
cated that the hydroxyl group and phosphonate group 
make similar contributions to the molecular rotation, so 
only 9a should be levorotatory. Although it was not prac
tical to get enough of the first minor peak to determine its 
optical rotation, a reasonably accurate value could be cal
culated. A glc cut containing 35% of this isomer and 65% 
of the major peak (M d = 45°) had M d = 18°. This corre
sponds to M d = -3 2 ° for the minor component, compared 
to Md = —40° for carvomenthol. 15 Hence, this minor 
product was 9a and the major peak was a mixture of 9b 
and 9c.

Rigorous interpretation of the nmr spectral differences 
in terms of structure was not feasible, but a tentative as
signment of structure 9b to the higher field isomer was 
made on the basis of the POCH 2 resonances. The reso
nances of the more abundant isomer and 9d were nearly 
identical, but the less abundant isomer resonated at high
er field. This can be rationalized by assuming that the 
resonance is determined by the conformation of the 
POCH2 . This group is certainly bulkier than OH; so 9c 
should be predominantly the equatorial POCH2 confor
mer17  and would have the same resonance as 9d. The dif
ferent resonance would belong to the axial POCH2 o f 9b. 
On this basis, in a typical product the ratio of 9a :9b :9c:9d  
would be 8:32:49:11.

The most striking difference between these results and 
those obtained with 4 -tert-butyl-l-methylcyclohexene and 
thiolacetic acid1 1  was the formation of 9c as the major 
product. None of the corresponding thiolacetate was 
formed. Radical attack trans to the isopropyl still ac
counted for 80% of the product, so the difference repre
sented less selectivity in the hydrogen transfer step. This 
difference is most readily explained on the basis that the 
Ci radical is pyramidal18 and that hydrogen transfer oc
curs axially.1 1  With the relatively small thiolacetate group 
and the very bulky iert-butyl group, the intermediate rad
ical is effectively locked in the original l-e,2-a,4-e confor
mation, which is retained after axial hydrogen transfer. 
Effectiveness of the transfer agent is not involved in the
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Table I
Retention Times (Minutes) of Phosphonates on Various Columns“

Tem p, °C He, m l/m in 9a 9b,c 9d 7 6

*/u in. X 12 ft X 20% Carbowax 20M 230 63 15.0 16.0 19.1 16.1 29.2
Vie in. X 12 ft X 5% Carbowax 20M 230 60 3.1 3.3 3.9 3 .4 6 .0
V 16 in. X 12 ft X 7.5%  Versamid-900 230 67 5.0 5.5 6.3 4.9 9 .0
1/ 4 in. X 15 ft X 10% Versamid-900 2 2 0 10 0 5.7 6 . 2 7.2 5.2 9 .8
J/ 4 in. X  15 f t  X  15% Carbowax 20M 225 10 0 18.9 20.4 21.5
y 4 in. X 15 ft X 20% SE-336 235 1 2 0 20.9 22.9 24.7
V« in. X 20 ft X 10% SE-33 230 10 0 12.3 13.1 14.7
y 4 in. X 20 ft X 20% OV-17 225 1 2 0 2 2 . 2 24.3 27.7
y 4 in. X 20 ft X 10% SE-30 2 2 0 75 15.1 16.0 17.9

“ The 3/ i6 in. columns were used on the Varian 1200 and the retention times were measured from the leading edge o f the
solvent peak (cyclohexane). The * /4 in. columns were used on the Wilkens Autoprep-700 and the measurements were from 
the air peak. All packings were on 70-80 mesh Chromsorb W. b Support coated with 1 % alkaline Carbowax 20M.

specificity. In the present case, the phosphonate group is 
at least as bulky as the isopropyl group; so inversion to the
l-e,2-e,4-a conformation, leading to the stable conformer 
of 9c, can occur. The product ratio will be influenced by 
the general effectiveness o f the transfer agent, relative 
stabilities of the two radicals, and any differences in 
crowding during the transfer step. We can only say that 
the equilibrium favored the precursor of 9c and that the 
phosphonate was not active enough to trap a high per
centage of the initial radicals.

The ratios of the isomers arising from attack cis to the 
isopropyl group were also quite different in the two sys
tems. Paradoxically, less inversion occurred in the carvo- 
menthene-phosphonate system. As has been pointed out 
by others, 1 1  attack from the cis face of the molecule does 
not form an equatorial bond but rather a quasiaxial bond 
on a flexible skew-boat ring. Hydrogen transfer trans to 
the point of radical addition also involves a quasiaxial po
sition, somewhat like the endo position in norbornanes 
and gives compounds like 9d. The cis 2,4 substituents 
preclude any conformation of the skew-boat which would 
give 9a structures by quasiaxial (or flagstaff) hydrogen 
transfer. On the other hand, inversion to the chair form 
followed by axial hydrogen transfer will give only l-e ,2 - 
e,4-e conformations ¡ike 9a. If, as suggested in-discussing 
the addition to 4, diethyl phosphonate is a better transfer 
agent than a thiol, more transfer to the flexible radical 
should occur. This would result in a greater proportion of 
9d, as was observed. Molecular models indicate that an 
isopropyl group does not restrict the flexibility of the 
skew-boat as much as a tert-butyl group does. This may 
also contribute to the higher yield of 9d by increasing the 
life of the skew-boat radical.

Using the standard reaction conditions, compound 5 
gave a mixture of 1:1 and 1:2 adducts. Due to the dimeri
zation of 5, efforts to get only the 1:1 adducts by using re
verse addition to maintain a large excess of 5 were unsuc
cessful, but nearly  quantitative yields of 1 : 2  adducts were 
obtained by adding more peroxide and increasing the 
reaction time. The nmr spectrum of the major 1:1 adduct

R = PO(CH2CH3)2

established its structure as 11. Quantitative hydrogena
tion confirmed the presence of one double bond.

On the basis of its nmr spectrum and its failure to hy
drogenate, the minor (shorter emergence time) 1 : 1  adduct

was not 10a but a saturated product. The nmr spectrum 
exhibited 6 - and 3-proton singlets and a broad 1-proton 
doublet at 2.22 ppm (J  = 17 Hz), presumably due to a 
PCH methine slightly coupled to other hydrogens. These 
spectral features require a structure such as 10b. Since 
the exocyclic double bond reacted much more rapidly 
than the endo one, any 1 0 a formed would have been con
verted rapidly to 12. So failure to build up any significant 
concentration of 10a is not surprising. When a crude prod
uct that was mostly 1 : 1  adducts was hydrogenated, the 
early peak decreased and an equivalent amount of a peak 
corresponding to 9b,c appeared. Hence, 10a was present in 
the crude product and had the same emergence time as 
10 b.

The nmr spectrum confirmed that the material with 
long retention time contained two phosphonate groups per 
mole of 5. As in the case of 9, all four isomers were ob
tained. No attempt was made to isolate and identify the 
individual isomers, but it is assumed that 1 2 a and 1 2 d 
have structures corresponding to 9a and 9d.

Formation of 10b from 5 was unexpected, but it is rea
sonable. As in the case of 4 and 11, the radical attack at 
C2 o f 5 trans to the isopropyl group should predominate. 
As previously discussed, formation of 9c and 12c demon
strated that some inversion of the initial radical at both 
C2 and C4 occurred faster than hydrogen transfer. Step
wise inversion leads to a flexible boat structure. One con
formation of this boat places the partially filled p or sp3 
orbital at Ci close to the 7r bond at Cs and reasonably well 
aligned for overlap leading to s-bond formation. This 
would generate an unhindered radical, at C9, that would 
pick up a hydrogen to give 10b. On this basis, 10b would 
have an exo methine hydrogen at C2 ; i.e., it should be the 
bomyl phosphonate. This assignment was confirmed by 
the molecular rotation (+52°). (+)-Limonene is structur
ally related to (+)-borneol (Md = +58°) and to ( - )- is o - 
borneol.19

In order to determine whether the phosphonate deriva
tives would have significant flame retardance, pieces of 
filter paper were saturated with 1 0 % solutions of each ad
duct, drained, and air-dried. The coated strips were 
mounted vertically and a lighted match was touched to 
the top edge. In general, the strips would ignite but would 
not sustain a flame.

Experimental Section
The terpenes and diethyl hydrogen phosphite (DEHP) used 

were freshly distilled from commercial samples.20 Densities were 
determined in calibrated hairpin glass capillaries. Optical rota
tions were determined neat. Ir curves were run neat on a Perkin- 
Elmer, Model 21 infrared spectrophotometer. Nmr was deter
mined in deuteriochloroform (CDCI3) with tetramethylsilane 
(TMS) as an internal standard using Varian A-60A and Bruker 
90-MHz instruments. Elemental analyses were carried out by 
Galbraith Laboratories, Inc., Knoxville, Tenn.
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Table IINmr“ Chemical Shift (Parts per Million), Multiplicity, and Coupling Constant (Hertz)
Isomer Ci.ur-CHî Ct-CH, POCH2 POCHÆHs

9b,c (major) 0.89 (d, J  = 6) 1.15 (d, J  = 6) 1.32 (t, J  = 7) 4.10 (qn, J  = 7)
Decoupled5 0.90 (d, J  = 6) 1.17 (d, J  = 7) 1.34 (t, J  = 7) 4.10 (q, J  = 7)9b,c (minor) 1.11 (d, J  = 5) 4.08 (qn, J  = 7)
Decoupled6 1.13 (d, J  = 5) 4.09 (q, J  = 7)9d 0.91 (d, J  = 6) 1.08 (d, J  = 7) 1.33 (t, J  = 7) 4.10 (qn, J  = 7)
Decoupled6 0.92 (d, J  = 6) 1.08 (d, J  = 7) 1.34 (t, J  = 7) 4.11 (q, J  = 7)

“ At 90 MHz, in CDCls {J values in Hz). 6 p31 at 6342 Hz.

Table III
Com position, %•

Hr 10 11 12 Total

0.5 1.2 4.2 1 .7 7.0
1.0 2.1 6.5 1.8 10.4
2.0 2.7 8.6 5.6 16.9
3.5 2.4 9.4 9.2 21.0
4.5 2.2 5.0 22.4 29.6
6.25 2.0 0.1 32.1 34.2

0 Per cent of reaction mixture.

General Procedure. Adducts were prepared by heating 0.5 mol 
of DEHP to 140°, adding 0.005 mol of di-tert-butyl peroxide 
(DTBP), then adding 0.1 mol of terpene dropwise over a period of 
about 30 min and continuing heating for a total of 3.5 hr. Most of 
the unreacted materials were distilled off under vacuum. An 
ether solution of the residue was extracted with dilute base, 
washed with water, and dried and the ether pulled off under 
house vacuum. The products were isolated by vacuum distillation 
and by preparative gas chromatography on a Wilkens Autoprep, 
Model 700, using one or more of the columns listed in Table I. 
Analyses were run on a Varian Aerograph, Model 1200, gas chro
matograph using one or more of the columns listed in Table I.

Diethyl 1-p-menthenyl 7-phosphonate (6) was prepared from
1 (a29D —14.6°). Once initiated, this reaction was exothermic and 
heating had to be controlled to keep the reaction temperature 
below 150°. The yield was 32 g of crude 6 which glc analysis indi
cated was 80% (25.7 g) 6, with an overall yield of 94%. An analyt
ical sample was collected by pgc from a distillation cut (125-127° 
(0.1 mm)) of the crude product: d2i = 1.009. n20d 1.4649, a25 d 
-35.4°; ir 2910, 1430, 1385, 1360, 1245, 1160, 1095, 1045, 1025, 950, 
845, 790 cm "1; nmr S 0.88 (d, 6, J  = 6 Hz, C9.10-CH3, 1.25 (t, 6, J 
= 7 Hz, Ci2,i4-CH3), 2.16 (d, 2, J  = 22 Hz, C7-CH2), 4.02 (qn, 4, 
J  = 7 Hz, C n,i3-CH2), and 5.53 ppm (bs, 1 , C2-vinyl).

Anal. Calcd for C14H27O3P: C, 61.29; H, 9.92; P, 11.29. Found: 
C, 61.11; H, 10.03; P, 11.48.

Compound 6 was prepared in the absence of peroxide by heat
ing 0.1 mol (13.8 g) of 1 and 0.5 mol (69.1 g) of DEHP at 140-150° 
for 3.5 hr. The yield was 10.2 g of crude product which glc analy
sis indicated was 83% (8.5 g) 6 with an overall yield of 31%. An
other run in which 0.05 mol (6.8 g) of 1 and 0.25 mol (34.5 g) of 
DEHP were heated at 75-85° for 3.5 hr yielded 6.2 g of crude 
product which glc indicated was 76% (4.7 g) 6 or an overall yield 
of 34%.

Diethyl l-p-menthenyl-6-phosphonate (7) was prepared from
2 ( a 29D +21.4°). The yield was 21 g of crude 7 which glc analysis 
indicated contained 73% (15.3 g) 7 with an overall yield of 56%. 
An analytical sample was collected by pgc from a distillation cut 
(106° (0.1 mm)) of the crude product: d24 = 1.008; n 20D 1.4662; 
a25 d +53.1°; ir 2930, 1440, 1385, 1360, 1240, 1160, 1095, 1045, 
1020, 950, 788 cm "1; nmr S 0.89 (d, 6, J  = 6 Hz, C9,io-CH3), 1.29 
(t, 6, J  = Hz, Ci2,i4-CH3), 1.83 (bs, 3, C7-CH3), 2.48 (dd, 1 , J  
= 6, 22 Hz, Ce-CH) 4.06 (qn, 4, J  = 7 Hz, Cn,i3-CH2), and 5.51 
ppm (bs, 1, C2-vinyl).

Anal Calcd for C14H27O3P: C, 61.29; H, 9.92; P, 11.29. Found: 
C, 61.13; H, 10.07; P, 11.16.

Compound 7 was prepared in the absence of the peroxide by 
heating 0.1 mol (18.6 g) of 2 and 0.5 mol (69.1 g) of DEHP at 
140-150° for 3.75 hr. The yield was 9.2 g of crude 7 which glc anal
ysis indicated was 72% of 7 with an overall yield of 24%.

Diethyl 10-endo- and -ero-isocamphanylphosphonates (8) 
were prepared from 3. The yield was 25.5 g of crude product 
which glc analysis (12 ft x % 6  in X 20% Carbowax 20M at 235° 
and He at 63 ml/min) indicated was 23% isomer 1, 73% isomer 2, 
and 4% unidentified. Isomers 1 and 2 were eluted at 14.4 and 15.4

min from the cyclohexane solvent peak. Isomer 1 was not isolated 
in high purity except for a few milligrams which were used for ir: 
isomer 1 ir 3400, 2900, 1460, 1385, 1360, 1240, 1155, 1080, 1050, 
1020,950,856,820,800 cm -1.

Diethyl 10-endo-isocamphanylphosphonate (8), isomer 2, was 
isolated by pgc (10 ft x \  in. x 20% Carbowax 20M at 230° and 
He at 120 ml/min) in 90% purity: d2i = 1.0412; n20d 1.4704; ir, 
3490, 2950, 1460, 1385, 1360, 1250, 1155, 1090, 1050, 1025, 955, 860, 
792 cm-1; nmr 5 0.81 (s, CH3 cis to C10) 0.98 (s, CH3 trans to 
C10), 1.32 (t, J  = 7 Hz, Ci2,i4—CH3), and 4.09 ppm (qn, J = 7 Hz, 
Cn,i3-CH2); for minor isomer 0.89 (s, CH3 cis to C10) and 1.05 
ppm (s, CH3 trans to C10).

Anal. Calcd for C14H27O3P: C, 61.29; H, 9.92; P, 11.29. Found: 
C, 61.09; H, 9.89; P, 11.45.

Isomers 1 and 2 were also prepared by heating 6:8 g (0.05 mol) 
of 4 and 34.5 g (0.25 mol) of DEHP at 140-150° for 3.5 hr. Work
up yielded 7.75 g of crude product which glc indicated was 23% 
isomer 1 , 75% isomer 2, and 2% unidentified. This was a 55% 
crude yield.

Diethyl p-menthanyI-2-phosphonate (9) was prepared 
from 4 (u29d +62.9°). The yield was 24.3 g of crude 9. An analyti
cal sample collected by pgc from a distillation cut (106-108° (0.2 
mm)) of the crude product contained 7% 9a, 77% 9b and c, and 
5% 9d. It had d2i 1.0175, n20D 1.4578, a25 d +17.3°, nmr S 0.88 (d, 
J = 5 Hz, C9,io-CH3), 1.12 (d, J  = 6 Hz, C7-CH3), 1.32 (t, J  = 6 
Hz, C12,i4—CH3), and 4.10 (qn, J  = 7 Hz, Cn,i3-CH2) ppm; ir 
2910, 1450, 1385, 1360, 1240, 1200, 1160, 1095, 1055, 1030, 950, 782 
cm '1.

Anal. Calcd for Ci4H29 0 3P: C, 60.84; H, 10.58; P, 11.41. Found: 
C, 61.01; H, 1070; P, 11.43.

Glc peaks 9a, b, c, and d were isolated by repeated pgc collec
tions from Carbowax 20M and then OV-17 columns. Isomer 9a 
could not be isolated in better than 66% purity, with the major 
contaminant being 9b,c (28%). Peak 9b,c was isolated in 98% 
purity and 9d in 94% purity: ir 9a 3430, 2900, 1465, 1390, 1365, 
1240, 1206, 1160, 1090, 1048, 1020, 945, 867 , 788, 743, 698; 9b,c 
3430, 2910, 1465, 1390, 1365, 1235, 1200, 1155, 1090, 1050, 1025, 
950, 782, 738; 9d 3420, 2900, 1470, 1445, 1390, 1370, 1235, 1205, 
1160, 1095, 1055, 1025, 950, 872, 784, 733, 697 cm "1. See Table II 
for nmr data.

When heated at 140-150° for 3.5 hr, 6.9 g (0.05 mol) of 4 and
34.5 g (0.25 mol) of DEHP yielded only 0.96 g (7%) of crude 9.

Reaction of DEHP with Limonene (5). A 34.5 g (0.25 mol) 
sample of DEHP was heated to 140° and 0.37 g (0.0025 mol) of 
DTBP added, then 6.8 g (0.05 mol) of 5 (u25d +98.6°) was added 
dropwise over 0.5 hr, with heating and stirring continued for a 
total of 3.4 hr. Isolation of the product by diluting with water and 
extracting with ether yielded 13.1 g of crude product. Glc analysis 
(12 ft x % in. X 2% OV-17 at 250° and He at 32 ml/min) using 
methyl stearate as an internal standard, indicated that the prod
uct was 98% adduct (8.7% 10, 32.2% 11, 1.1% 12a, 26.4% 12b, 
26.6% 12c, and 2.9% 12d). The response factor for 10 and 11 was 
0.81X stearate and for 12a-d was0.39x stearate.

The isomers were concentrated by vacuum distillation through 
a spinning band column yielding a cut (98-102° (0.8 mm )) which 
contained 47% 10, a trace of 11 and low-boiling materials, another 
cut (90-93° (0.5 mm)) containing 5% 10 and 91% 11, and a cut 
(121-126° (0.1 mm)) containing 99% of the diadducts 12. Isomers 
10 and 11 were further purified by pgc (10 ft X % in. X 20 Car
bowax 20M at 230° and He at 120 ml/min) to 95% purity.

In a similar run using 25.9 g (0.19 mol) of DEHP, 5.13 g (0.038 
mol) of 5 , and 0.28 g (0.0019 mol) of DP and heating for 3.5 hr, 
then adding another 0.27 g of DTBP and continuing heating for 
2.75 hr longer, the reaction was followed by sampling at intervals 
and analyzing by glc using the internal standard. The results are 
given in Table III.

Extractive isolation of the final product yielded 14.0 g of mate
rial (3.3% 10b, 0.2% 11, 2.0% 12a, 40.5% 12b, 44.2% 12c, and 6 .6%
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12d). Allowing for sample withdrawal, the yield was 97.4% based 
on diphosphonate adduct.

Diethyl bornyl-2-phosphonate (10b): d24 = 1.0346, n20d 
1.4692, a25 D 18.6°; ir 3450, 2910, 1455, 1385, 1365, 1285, 1235, 
1155, 1090, 1055, 1025, 949, 787, 748 c m -1; nmr S 0.87 (s, 6, 
C8,9-CH 3), 1.02 (s, 3, Cio-CHs), 1.32 (t, 6, J  = 7 Hz, C i2A4-  
CH3), and 4.12 ppm (qn, 4, J  = 7 Hz, C n ,i3-CH2).

Anal. Calcd for C14H2703P: C, 61.29, H, 9.92; P, 11.29. Found: 
C, 61.09; H, 10.11; P, 11.44.

Diethyl l-p-menthenyl-9-phosphonate (11): d24 = 1.0076, 
n20p 1.4680, a26p +11.7°; ir 3415, 2880, 1430, 1380, 1235, 1155, 
1090, 1050, 1025, 952, 875, 829, 792, 714 cm ” 1; nmr 5 1.03 (d, 3, J 
= 6.5 Hz, C10~CH3), 1.32 (t, 6, J = 7 Hz, Ci2,i 4-CH 3), 1.64 (s, 3, 
C7-CH 3), 4.09 (qn, 4 , J = 7  Hz, C n ,M-CH 2) .

Anal. Calcd for C14H270 3P: C, 61.29; H, 9.92; P, 11.29. Found: 
C, 61.43; H, 10.00; P, 11.17.

Diethyl p-methanyl-2,9-diphosphonate (12): glc 2.5% 12a, 
45.5% 12b, 45.9% 12c, 6% 12d; d2i = 1.0894, u25d 1.4676, o23d 
+ 4.9°; ir 3440, 2890, 1430, 1380, 1230, 1155, 1090, 1045, 1020/942, 
823, 784 c m '1; nmr 5 1.04 (d, 6, J  = 6 Hz, C7,io-CH3), 1.34 (t, 12, 
J  = 7 Hz, Ci2,i4,i6,i8-CH3), 4.11 ppm (qn, 8, J  = 7 Hz,
Cll,13,15,17~CH2).

Anal. Calcd for CigH3806P2: C, 52.41; H, 9.29; P, 15.02. Found: 
C, 52.23; H, 9.41;P, 14.96.

When heated at 140-150° for 3.5 hr, 13.6 g of 5 and 60.1 g of 
DEHP yielded 3.04 g (11.1%) of crude product which had a com
position similar to the run with the peroxide.

Hydrogenation of the Limonene Adducts. A 0.3 g sample of 
10 was reduced in 10 ml of acetic acid using 29.5 mg of P t02 as 
catalyst. The sample absorbed only 2.45 ml (STP 13% of theory) 
of H2 in 42 min. Glc of the 0.29 g recovered indicated that it was 
mostly starting material.

A 0.16 g sample of 11 and 26.2 M gPt02 in 5 ml of acetic acid 
absorbed 12.84 ml (STP, 98% of theory) of H2 in 44 min. Glc of 
the recovered material (0.15 g, [o]25d 0° (15% EtOH)) showed a 
peak at a (11) 0.731. Ir bands at 1250-970 cm- 1 indicated the 
presence of the phosphonate structure.
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l-Methyl-3-phospholanone 1-oxide (1) is in tautomeric equilibrium with l-methyl-3-hydroxy-2-phospholene 
1-oxide, permitting uncatalyzed rapid exchange with D20  at the 2 position. In appropriate media, the 13C nmr 
spectra of both keto and enol forms can be observed, giving conclusive assignment of the enol structure. Reac
tions of 1 can occur at oxygen (with diazomethane or ethyl chloroformate), at C-2 (with N-bromosuccinimide or 
Michael addition to 2-butenone), at C-3 (enamine formation), or at phosphorus (ring opening with base). Some 
of the functionally substituted phosphine oxides so obtained were reduced to the phosphines with trichlorosi- 
lane. Of particular importance was the reduction of 1 itself which gave l-methyl-3-phospholanone, the first 
known ketophospholane.

*
In 1968,2 we reported the synthesis of the first keto de

rivative of the phospholane oxide system,3 l-methyl-3- 
phospholanone oxide (1). The compound was found to 
have considerable enolic character; depending on the me
dium, as much as 20-25% could be present as the enol lb. 
Conditions favoring the enol form were those where inter- 
molecular hydrogen bonding was enhanced (high concen

trations in aprotic solvents, or the solid state). The tauto
meric forms were easily recognizable in admixture by sub
stantial differences in their ir and nmr (*H and 31P) spec
tra.

In the present paper, we report further on the tautomer
ic character of this compound, particularly as it influences 
other properties. The compound has been demonstrated to
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have utility as a precursor of a variety of functionally sub
stituted phospholane derivatives.

la lb
Carbon-13 Nmr Spectra. The spectrum of a dilute 

chloroform solution of compound 1 was clearly that of the 
keto form (la). The carbonyl group absorbed at 8 -15.5, 
which is in its characteristic region, and no olefinic carbon 
signals were present. Other assignments are shown below; 
8 values are relative to CS2 = 0, and JPc values are in pa
rentheses.

154.4 (s) I-----T-15.5 (21.3)
165.9 (59.4) 142.2 (68.6)

/  \
0  CH3 176.6 (68.6)

The large coupling of P with adjacent C in cyclic phos
phine oxides4’5 was helpful in assigning these carbons; the 
deshielding effect of C = 0 6a allowed ready recognition of 
the carbon a to it and to P—O. Upon increasing the con
centration of the solution, additional signals due to the 
enol form appeared. Those at 8 16.6 (45) and 102.1 (115) 
are assignable to olefinic carbons, the former being that 
bearing hydroxy.7 Similar wide differences, explainable by 
resonance, are also known among enol ethers66 and indeed 
are seen in l-methyl-3-methoxy-2-phospholene8 (11, 8 23.6 
and 100.1).

The 13C studies provide unequivocal proof that the enol 
does indeed have the double bond in the 2,3 position, as 
postulated previously,2 and not in the 3,4 position.

In water solution, only the keto form was detected, re
gardless of concentration. This would suggest that water is 
competing with the enolic OH in forming a hydrogen bond 
to phosphoryl, thus eliminating this source of stabilization 
of the enol. That hydrogen bonding by water is present is 
clearly revealed by the significant differences between the 
13C values for la  in CHCI3 and in water (CH3, 8 172.1; 
C-2, 145.5; C = 0 , -6 .7 ; C-4, 148.6; C-5, 160.1).

The tautomeric equilibrium provides a vehicle for rapid 
exchange of the protons at C-2 with deuterium. Dideuterio 
derivative 2 was obtained simply on several exposures of 1 
to fresh D2O, in the absence of base. The location of the 
deuterium was revealed by the 13C spectrum in D2O solu
tion; the doublet for C-2, seen at 8 145.5 in H20, was vir
tually eliminated, while no other changes occurred. Such 
simplification of 13C spectra by exchanging H for D has 
been reported elsewhere,10 and is a consequence of the 
splitting of the carbon signal by the (undecoupled) deute
rium, and of the weakening of the signal relative to the 
other carbons by the diminished nuclear Overhauser ef
fect. In our case, the signal simply vanished into the base 
line.

Reactions at the Keto-Enol Site. Reactions of com
pound 1 that gave definite products are shown in Scheme
I. It is seen that products can be derived from attack on 
oxygen, C-2, or C-3. Enol ether 3 was formed with diazo
methane, while enol carbonate 4 was formed with ethyl 
chloroformate. The latter reaction, conducted on the eno- 
late ion, could have been accompanied by C-acylation, 
but none was observed. Indeed, in only one of several 
other attempts to effect attack at C-2 was the desired re
sult obtained; twofold Michael addition of the enolate to 
methyl vinyl ketone occurred in dilute aqueous base to 
form a product lacking the enolic properties of the 3-phos- 
pholanone oxide system yet showing ir absorption for a 
ring carbonyl (1725 cm -1 ; exocyclic kc » o occurred at 1710 
cm-1 ). The structure proposed is 5, and this was support
ed by the presence of a 6 H singlet for the two CH3CO 
groups.

In some other attempts to effect condensations in aque
ous base, a product was obtained that appeared to be 
noncyclic. An intentional attempt to effect ring opening of 
1 with hot sodium hydroxide proved successful, and a 
compound identified as methyl(3-oxobutyl)phosphinic 
acid (6) was obtained in high yield. This sensitivity of the 
keto phosphine oxide to base parallels that known also in 
cyclic /3-diketones.11

Oxide 1 absorbed 2 mol of bromine in water-methanol 
at titration rate. Since the oxide is spectroscopically seen 
as the keto form la in this medium, the conversion of keto 
to the reactive enol form must be very rapid. Attempts to
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isolate a product gave only oils. However, a crystalline 
monobromo derivative (7) was obtained in 38% yield with 
A'-bromosuccinimide in hot chloroform, a procedure useful 
for the bromination of cyclic /3-diketones.12 This bromo 
compound was seen from its ir spectrum to be entirely in 
the enol form; no C = 0  absorption was present. Location 
of the bromine at the 2 position, as expected from the /3- 
diketone reaction,12 was suggested from titration with 
bromine, since only 1 mol was consumed. The compound 
had low solubility in organic solvents and attempts at per
forming some typical a-halo ketone reactions so far have 
been unsuccessful.

Another typical carbonyl reaction given by 1 is enamine 
formation with morpholine. The product was a mixture of 
two position isomers, 8 (85%) and 9 (15%). The predomi
nance of the oxide with the 2-phospholene ring is consis
tent with other observations of greater stability for this 
ring system than for the 3-phospholene system,13 and is 
suggestive of some stabilization of the double bond by 
conjugation with the phosphoryl group. Another indica
tion of some interaction between these groups was the 
lack of reactivity of the 2 position to alkylating or acylat- 
ing reagents. Normally, this carbon is a reactive site in 
enamines, and such reactions occur with ease. However, 
conjugation with a carbonyl group is known to deactivate 
this position, and enamino ketones undergo alkylation on 
oxygen.14 Acylic phosphorylenamines have recently be
come available,15 but so far no information has been pub
lished on the reactivity of the corresponding enamine car
bon in these compounds.

When piperidine was used for enamine formation, the 
major product was a saturated amine (10), formed by re
duction of initially formed l-methyl-3-piperidino-2-phos- 
pholene 1-oxide. Such reduced products have been ob
tained by others when excess piperidine is used, but in 
the presence of added acid.16 The present result would 
suggest that the enolic character of 1 provides sufficient 
acidity for the reaction to proceed.

Reduction of the Phosphine Oxide Function. Several 
years ago, silanes were introduced as reagents for reducing 
phosphine oxides to phosphines,17 and the method has 
since found wide use. Some of the oxides prepared in the 
present study were unique in containing functional 
groups, and offered the possibility of serving as precursors 
to the corresponding phosphines. We have found that 
these oxides react with trichlorosilane in a normal man
ner, and functionally substituted phosphines 11, 12, and a 
mixture of 13 (85%) and 14 (15%) were prepared. Phos-

pholenes 11 and 13 were of special interest spectroscopi
cally, as they provided further examples of exceptionally 
large coupling of phosphorus with the 2 proton18 (38 and 
40 Hz, respectively). The 31P nmr shifts for these vinyl 
phosphines were similar (+14.4 and +18.1 ppm, respec
tively) and like that of l,3-dimethyl-3-phospholene

(+15.218), indicating little transmission through the dou
ble bond of the electronic character of the substituent.

Synthesis of l-Methyl-3-phospholanone. By applying 
the trichlorosilane reduction directly to phosphine oxide 
1, we have prepared the first keto derivative (15) in the 
phospholane series. No interference by the carbonyl 
group19 was evident in this reaction. While the yield was 
only 21%, the product was obtained in good purity. This 
ketone does not show the tendency to exist in the enol 
form as exhibited by the phosphoryl derivative (1).

s  ____ _____ ,u j HSlU, J 1u
n,c/

CH3
15

Attempts to prepare ketone 15 by acid hydrolysis of 
enol ether 11 or enamine 13 were not very successful. 
These compounds showed unusual reluctance to undergo 
hydrolysis. In the acid medium, they probably would exist 
in phosphonium salt form, which would impede the fur
ther protonation required for carbonyl formation.

Ketone 15 was easily characterized by its spectral prop
erties. Its 13C spectrum (in C H C I3 ), compared with that 
of la, exemplifies quite well the considerable differences 
in JpC between a phosphine and its oxides, and at the 
same time the similarity in chemical shifts. As for la, car
bons a to phosphorus have the larger coupling constant, 
and the deshielding effect of C = 0  assists in locating C - 2 .

158 (4.2) I-------- f -17 .7  (6.3)
172.9 (10.4) 153.5 (17.7)

I 182.9 (20.8)
CH3

Availability of ketone 15 prompted examination of an 
anomalous property observed for a derivative of the ho
mologous ketone l-methyl-4-phosphorinanone. The car- 
bethoxymethylene derivative of the latter was found to be 
prone to rearrange to the endocyclic olefinic structure.20 
When 15 was subjected to the Wadsworth-Emmons olefi- 
nation to produce ester 16, the product was found to con
sist chiefly (60-65%) of the rearranged form (17). The 2- 
phospholene structure was easily recognized from the 
characteristically large (41 Hz) coupling of the olefinic 
proton with phosphorus. Even greater propensity for rear
rangement is therefore present in this ring system; the 
six-membered ring required base catalysis for rearrange
ment to the endocyclic structure.

Experimental Section
General. Melting points were taken on a Mel-Temp apparatus 

and are corrected; boiling points are uncorrected. Proton nmr 
spectra were taken on a Varian A-60 spectrometer; chemical 
shifts are relative to external TMS. Phosphorus nmr spectra were 
obtained with a Varian V-4300B spectrometer at 19.3 MHz or a 
Broker HFX-10 system at 36.43 MHz, and are referenced to 85% 
H3PO4. Proton noise-decoupled Fourier transform 13C spectra 
were obtained on the Broker system at 22.62 MHz utilizing C6H6 
in a 3-mm coaxial capillary as an external heteronuclear lock; 
chemical shifts are referenced to CS2. Gas chromatography (gc) 
was performed with a Varian Aerograph 202-B chromatograph on 
a 150-cm column of OV-17 (4%) on Chromosorb G at 60 ml/min
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of helium. Chloroprene (50% in xylene) was generously provided 
by the Du Pont Co. Analyses were performed by the Galbraith 
(Knoxville, Tenn.) or Schwarzkopf (Woodside, N. Y.) Laborato
ries. All reactions or transfers of phosphines were conducted in a 
nitrogen atmosphere in a glove bag.

l-Methyl-3-phospholanone 1-Oxide (1). A mixture of A2,3 
(90%) and A3'4 (10%) l-methyl-3-chlorophospholene oxides was 
obtained2 by slow addition of the chloroprene-methylphospho- 
nous dichloride adduct21 to ice water. After 12 hr, the mixture 
was neutralized with K2CO3. The solution was extracted contin
uously with chloroform; from the extract was obtained a colorless 
oil which solidified on standing, mp 58-62°, bp 87-90° (0.1 mm).

A solution of 85.3 g (0.586 mol) of the above oxide in 100 ml of 
methanol was added to 400 ml of methanol treated previously 
with 13.5 g (0.586 mol) of sodium. The mixture was stirred at 
room temperature for 1 hr and then refluxed for 6 hr, during 
which time sodium chloride precipitated. After being cooled, the 
mixture was acidified with 6 N  HC1 and then stripped to dryness. 
Extraction of the residue with benzene provided crude 1-methyl-
3-methoxy-2-phospholene oxide2 (3). Distillation of a small sam
ple gave bp 116-120° (0.15 mm), correcting a value [90° (0.15 
mm)] previously reported.2 The ir and nmr properties agreed with 
those already published.2

Anal. Calcd for C6H n 0 2P: C, 49.31; H, 7.59; P, 21.20. Found; 
C, 49.17;H, 7.47;P, 21.38.

The crude 3 was placed in a solution of 100 ml of water and 1 
ml of 6 N  HC1. The solution was heated on a steam bath for 6 hr 
and then extracted with two 50-ml portions of methylene chlo
ride. The aqueous layer was further extracted continuously with 
methylene chloride for 3 days. The combined extracts were dried 
(MgS04) and then concentrated on a rotary evaporator. The resi
due was taken up in a minimal amount of hot benzene and 
placed in the refrigerator. After a few days, the white solid that 
had precipitated (39% from the mixed chlorophospholene oxides) 
was removed by filtration. Recrystallization from benzene gave a 
solid: mp 89-91°; nmr (concentrated CDCI3 solution) b 2.12 (dou
blet, V ph = 13.2 Hz, PCH3), 2.27 (doublet, V PH = 13.5 Hz, 
PCH3), 2.51-3.63 (complex, -CH2-), 5.41 (doublet, V pch = 20.5 
Hz, C=CH ) (on dilution of the sample, the doublets at b 2.12 
and 5.41 due to lb disappeared): ir spectrum (CHCI3, concentrat
ed) 3450 (-OH), 1740 (0 = 0 ) ,  1590 cm“ 1 (C =C ) (dilution of the 
sample significantly decreased the lb peaks at 3450 and 1590 
cm-1 ); 31P nmr (CHCI3, concentrated) S -51.0 (la) and -60.5
(lb).

Anal. Calcd for C5H90 2P: C, 45.46; H, 6.87; P, 23.45. Found: C, 
45.50; H, 7.03; P, 23.47.

The 2,4-dinitrophenylhydrazone, recrystallized from methanol, 
had mp 207-207.5°.

Anal. Calcd for CuHialSLOsP: C, 42.31; H, 4.20; N, 17.95; P, 
9.92. Found: C, 42.51; H, 4.50; N, 18.05; P, 9.64.

A solution of 0.175 g (1.33 mmol) of 1 in 10 ml of water-metha
nol (1:1) was titrated with bromine. A total of 0.15 ml (0.44 g, 2.7 
mmol) of bromine was decolorized at a titratable rate. The addi
tion of one additional drop gave a deep bromine color which per
sisted for several minutes.

Deuteration of 1 was accomplished by allowing a solution of 1.0 
g in 5 ml of D20  to stand for 30 min and then removing the sol
vent by a rotary evaporator in vacuo. This procedure was repeat
ed three times. The residual solid was recrystallized from benzene 
to give 2. Integration of the 4H nmr spectrum showed that 2 H 
had been eliminated from the 6 H complex methylene region of 
la.

The 13C nmr spectra of 1 and 2 are reported in the discussion.
l-Methyl-3-methoxy-2-phospholene 1-Oxide (3) from 1 and 

Diazomethane. A mixture of 5.0 g (0.038 mol) of phospholanone 1 
in 300 ml of benzene containing 1 ml of boron trifluoride etherate 
was treated with excess diazomethane. After standing overnight, 
the solution was freed of a small amount of solid by decantation 
and then concentrated in vacuo to a small volume. On pouring 
into ether, there was precipitated 2.4 g of unreacted 1. From this 
filtrate was recovered 0.7 g (13%) of enol ether 3, identified by 
comparison of its nmr spectrum with that of a known sample.2

l-Methyl-3-methoxy-2-phospholene (11). A solution of 4.6 g 
(32 mmol) of l-methyl-3-methoxy-2-phospholene oxide (3) in 200 
ml of benzene was freed of traces of water by distilling off some of 
the benzene. While at 0°, the solution was treated with 3.24 g 
(32.1 mmol) of triethylamine and then over 30 min with 4.13 g 
(31.5 mmol) of trichlorosilane in 30 ml of benzene. The mixture 
was then refluxed for 2 hr. Hydrolysis with 10 N  NaOH was per
formed slowly with ice-bath cooling, giving a clear solution. The 
benzene layer was removed, and the aqueous layer was extracted

with 100 ml of benzene. After drying (MgSOi), distillation was 
performed to give 1.82 g (45.2%): bp 63.5-65° (16 mm); nmr 
(CDCI3) b 1.45 (doublet, V PH = 3.0 Hz, PCH3), 1.60-3.80 (com
plex signals), 4.01 (s, OCH3), 5.04 (doublet, V PH = 38 Hz, 
C=C H ); 31P nmr (CDCI3) +14.4; ir (neat) »c - c  1585 cm-1 . The 
compound was analyzed as the benzyl bromide salt, recrystallized 
from methanol-ethyl acetate, mp 181-182°.

Anal. Calcd for C i3Hi8BrOP: C, 51.82; H, 6.03; P, 10.29. 
Found: C, 52.18; H, 6.10; P, 10.77.

Reaction of l-Methyl-3-phospholanone 1-Oxide with Ethyl 
Chloroformate. A mixture of 30 ml of dimethylformamide, 1.0 g 
(7.6 mmol) of 1, and 0.43 g (8.0 mmol) of sodium methoxide was 
stirred at room temperature for 10 hr, during which time a tan 
solid formed. The solid was removed by filtration, placed in a 
small flask, and treated directly with ethyl chloroformate (15 ml) 
in one portion. After overnight stirring, water (30 ml) was added 
to the mixture and stirring was continued for 1 hr. The acid solu
tion was neutralized with sodium carbonate and then continuous
ly extracted with chloroform overnight. The extract was dried 
(MgSO*) and concentrated on a rotary evaporator to give a yel
low oil. The product (4) had nmr (neat) b 2.04 (doublet, V PH = 
13 Hz, PCH3), 6.50 (doublet of triplets, V PH = 18 Hz, '/auviic =
1.5 Hz, = C H ); ir (neat) 1770 cm-1 (C = 0  of enol ester). At
tempts to purify the oil by distillation failed owing to decomposi
tion.

l-Methyl-2,2-bis(3-oxobutyl)phospholan-3-one Oxide (5). A
mixture of 1.0 g (7.58 mmol) of 1, 30 ml of water, 5 ml of 95% eth
anol, 0.86 g (12.3 mmol) of 2-butenone, and a drop of concentrat
ed potassium hydroxide was stirred at room temperature for 4 hr 
and then refluxed for 4 hr. It was then cooled, acidified with di
lute hydrochloric acid, and extracted with methylene chloride 
overnight. The methylene chloride extract was dried (MgSOi) 
and then concentrated on a rotary evaporator to give a yellow oil. 
Addition of warm benzene to the residue precipitated 0.74 g 
(36%) of a white solid which was removed by filtration: nmr 
(D20 ) 5 1.85 (singlet, 2 H), 2.06 (doublet, V PH = 12.5 Hz, PCH3, 
3 H), 2.25-3.50 (complex, -CH2-), 2.70 (singlet, CH3CO, 6 H); ir 
(Nujol) 1725 (ring C = 0 ), 1710 cm -1 (chain C = 0 ) . A sample re
crystallized from methanol-ether had mp 210-211.5°. The sample 
failed to decolorize bromine.

Anal. Calcd for Ci3H2i 04P: C, 57.32; H, 7.79; P, 11.38. Found: 
C, 57.36; H, 7.86; P, 11.50.

Methyl(3-oxobutyl)phosphinic Acid (6). A solution of 4.0 g 
(30.3 mmol) of 1 in 50 ml of 2 IV sodium hydroxide solution was 
refluxed overnight and then acidified with concentrated hydro
chloric acid. The solution was evaporated to dryness on a rotary 
evaporator. Methanol (50 ml) was added to the solid residue and 
after 15 min of stirring a precipitate of NaCl was filtered off. The 
filtrate was evaporated to dryness on a rotary evaporator to give
3.82 g (84%) of 6, a tan solid of indefinite melting point (with de
composition): nmr (D20 ) b 1.74 (doublet, V PH = 13.5 Hz, PCH3),
1.95-2.54 (complex, 0 CH2-), 2.74 (singlet, COCH3), 3.03-3.52 
(complex, a CH2-); ir (Nujol) 3230 and 2192 (OH), 1705 (C = 0 ), 
~1660 (OH, dimer), 1040 cm-1 (POH). The compound in water 
formed a bright orange precipitate of a 2,4-dinitrophenylhydra- 
zone, which when recrystallized from ethanol had mp 204.5- 
206.5°.

Anal. Calcd for CuH^N-iOeP: P, 9.38. Found: P, 9.32.
l-Methyl-2-bromo-3-phospholanone 1-Oxide (7). To 150 ml of

chloroform was added 10.0 g (75.8 mmol) of 1 and 13.5 (75.8 
mmol) of recrystallized IV-bromosuccinimide. The mixture was 
stirred until homogeneous and then refluxed for 18 hr. A tan pre
cipitate formed. The mixture was cooled and the solid (7) was re
moved by filtration. After washing with chloroform, there was ob
tained 6.07 g (38%): mp 153-154°; nmr (DMSO-de) b 1.89 (dou
blet, 2JPH = 13.5 Hz, PCH3), 2.10-3.32 (complex, -CH2-), 3.70 
(multiplet); ir (Nujol) 1637 cm-1 (C =C ) with no vc -o  signa1

Anal. Calcd for C5H8Br02P: C, 28.46, H, 3.82; Br, 37.87; P, 
14.66. Found: C, 28.23; H, 3.88; Br, 38.06; P, 14.69.

A sample of 7 (0.24 g, 1.14 mmol) dissolved in methanol-water 
(1:1) decolorized bromine at a titratable rate until 0.06 ml (0.18 g,
1.1 mmol) was added. The addition of one additional drop (0.01 
ml) gave a deep bromine color which persisted for several min
utes.

l-Methyl-3-piperidinophospholane (12) and Its Oxide (10). A 
solution of 2.0 g (17 mmol) of phospholanone oxide 1, 3 ml of pi
peridine, and 100 ml of benzene was refluxed for 12 hr in a Dean- 
Stark apparatus to permit water removal. Solvent and excess pi
peridine were then removed and the residue of 10 was taken up in 
200 ml of fresh benzene for reduction with trichlorosilane-trieth- 
ylamine. The same procedure as for the preparation of 11 was fol
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lowed, except that the acidic solution from the hydrolysis was 
stirred for 20 hr before basification. This removed some (about 
20%) enamine which accompanied the main product (12). Distil
lation gave 0.71 g (25.6%) of 12: bp 71-71.5° (0.45 mm); nmr 
(CDCI3) 5 1.55 (doublet, 2-JPH = 3 Hz, PCH3), 1.65-3.50 (complex 
absorption for ring protons); no absorption for olefinic protons 
was present, nor was vc-o  observed in the ir spectrum; 31P 
(CDCI3) 6 +39.2.

Anal. Calcd for C10H29NP: C, 64.82; H, 10.89; P, 16.73. Found: 
C, 64.92; H, 10.91; P, 16.65.

Formation and Reduction of Mixed Enamines from 1- 
Methyl-3-phospholanone 1-Oxide and Morpholine. A solution 
of 4.0 g (30.3 mmol) of 1 and 5 ml of morpholine in 200 ml of ben
zene was refluxed on a Dean-Stark apparatus overnight. Benzene 
was then distilled to leave about 20 ml of solution, and the re
maining solvent was removed in vacuo. The residue was a yellow 
solid whose nmr spectrum (benzene) showed that 1 had been 
transformed to the enamine 8: 5 1.27 (doublet, 2t/PH = 13 Hz, 
PCH3), 1.46-2.12 (complex multiplet, -CH 2-), 2.44 and 3.19 (un- 
symmetrical triplets, morpholine -CH 2-), 4.36 (doublet, JPch =
18.5 Hz,C=CH). The product also contained some of the A3 4 
isomer (9), and was used directly in other studies.

Attempts to alkylate (methyl iodide or benzyl chloride) and ac- 
ylate (benzoyl or acetyl chlorides, or ethyl chloroformate) were 
unsuccessful, resulting after hydrolysis in recovery of the original 
ketone 1.

The enamine mixture from above was dissolved in 150 ml of 
benzene and reduced with trichlorosilane-triethylamine as in the 
preparation of 11. Distillation of the product gave 3.58 g (64%) at 
101-106° (1.05 mm), whose nmr spectrum ( benzene) revealed that 
an isomer mixture was present. The major component (83.8%) 
was determined to be l-methyl-3-morpholino-2-phospholene 
(13):22 nmr 5 1.20 (doublet, V PH = 2.5 Hz, PCH3), 4.71 (doublet, 
V ph = 40 Hz, C=CH ); 31P 5 +18.1; ir (neat) Pc- c  1565 cm-1 . 
The other component (16.2%) was the A3’4 isomer (14): nmr 5
1.18 (doublet, 2JPH = 3 Hz, PCH3), 4.75 (doublet, 3JPH = 7.5 Hz, 
C=C H ); ir v c-c  1630 cm -1 . Separation of the mixture was not 
performed.

l-Methyl-3-phospholanone (15). Using the previously de
scribed (for 11) method, ketone 1 (4.0 g, 30 mmol) was reduced 
with 2 molar equiv of trichlorosilane-triethylamine to give 0.73 g 
(20.8%) of 15: bp 73-74° (17 mm); nmr (benzene) 6 0.69 (doublet, 
V PH = 3.2 Hz, PCH3), 0.99-2.48 (multiplet, ring CH2); 31P nmr 
(benzene) 5 +45.7; ir (neat) j»c . 0 1120 cm-1 . The benzyl bromide 
salt, recrystallized from methanol-ethyl acetate, had mp 170.5- 
171.5°.

Anal. Calcd for Ci2H26BrOP: C, 50.17; H, 5.62; P, 10.79. 
Found: C, 49.93; H, 5.55; P, 10.77.

Reaction of l-Methyl-3-phospholanone with Triethyl Phos- 
phonoacetate. A slurry of 0.238 g (0.993 mmol) of sodium hydride 
in 50 ml of dimethoxyethane (DME) was treated with a solution 
of 2.22 g (0.993 mmol) of triethyl phosphonoacetate in 10 mi of 
DME over a period of 10 min. After 30 min of stirring, a solution 
of 1.15 g (0.993 mmol) of l-methyl-3-phospholanone (15) in 10 ml 
of DME was added over a 30-min period. The mixture was stirred 
at room temperature for 20 hr. The liquid was then decanted 
from a viscous deposit on the walls of the flask into 150 ml of ben
zene. The mixture was extracted with three 70-ml portions of

benzene. The extract was dried (M gS04) and distilled; product 
was collected at 78-131° (18 mm). Redistillation gave some 15 and 
a major fraction at 124-131° (18 mm). Gc revealed this fraction to 
be a mixture with the major component (62.8%) being the 2-phos- 
pholene derivative (17), as indicated from the nmr spectrum of 
the mixture (olefinic signal at & 6.17, J Pch = 41 Hz). Another 
component (28.8%) appeared to be the unrearranged product 16 
from the nmr spectrum, which contained another olefinic signal 
(5 6.16, broad s) in the proper ratio to 17. The third component 
(8.4%) was not identified.

Registry No. 1, 21229-61-8; 1 2,4-dinitrophenylhydrazone, 
49849-22-1; 2, 49849-23-2; 3, 21229-62-9; 4, 49849-24-3; 5, 49849-
25-4; 6, 49849-26-5; 6 2,4-dinitrophenylhydrazone, 49849-27-6; 7, 
50599-76-3; 12, 49849-32-3; 13, 49849-33-4; 14, 49849-34-5; 15, 
49849-35-6; 15 benzyl bromide salt, 50599-77-4; 17, 49849-37-8; 
chloroprene-methylphosphonous dichloride, 49849-38-9.
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The effect of a-methyl and a-phenyl substituents on the photochemical a-cleavage reactions of alkyl phenyl 
ketones has been investigated, a cleavage is the only primary process observed upon irradiation of the deoxy
benzoins 1-4 in degassed benzene solution. Photoreduction competes with a cleavage of deoxybenzoin in 2-pro
panol-benzene solution. The reactions of the benzoyl and benzyl free radicals formed upon a cleavage have 
been studied in some detail. Spectroscopic and energy transfer data indicate that a cleavage occurs exclusively 
from the lowest 3n,ir* excited state. Triplet lifetimes were measured by Stem-Volmer analysis of product 
quenching by naphthalene and, for deoxybenzoin, by quenching of room temperature phosphorescence. The ef
fects of substituents upon triplet lifetimes indicate that the rate constants do not depend on the stability of the 
resulting radicals. From a comparison of the rate constants for photochemical a cleavage of the deoxybenzoins 
studied and the rate constants for thermolysis of corresponding peresters it is concluded that the transition 
state for a cleavage resembles the excited ketone rather than the radical pair.

The photochemical reactions of benzoin, deoxybenzoin, 
and their derivatives have received sporadic attention 
since the early days of organic photochemistry.2-17 Partic
ularly intriguing are the reports that these compounds un
dergo a wide variety of reactions (Scheme I), the nature of 
which depends on both substituents and solvent. For ex
ample, benzoin,3’4 benzoin ethers,5’6 deoxybenzoin,7-9 a- 
alkyl- and a-phenyldeoxybenzoin,9-11 and 2-phenyl-l- 
indanone12 undergo photochemical a cleavage (path a) 
whereas desyl chloride13 and sulfides10-14 undergo ff cleav
age (path b). Some benzoin esters and desyl amine salts 
yield 2-phenylbenzofuran,13’15 and desyl sulfides yield 2- 
phenylbenzo[6]thiophene when irradiated in hydrogen- 
donor solvents (path c).14 a,a-Diphenyldeoxybenzoin 
undergoes a unique 1,3-phenyl shift to give a vinyl ether 
(path d) along with lesser amounts of a cleavage products 
(path a).16 Deoxybenzoin forms a mixture of diastereo- 
meric pinacols when irradiated in hydrogen-donor solvents 
(path e).17-20

Scheme I
Photochemical Reactions of Deoxybenzoins

In spite of the widespread interest in the preparative 
photochemistry of these compounds, there are few quanti
tative data available concerning the effect of structure on 
photochemical reactivity. Thus the ability to predict 
which of the primary photochemical processes shown in

Scheme I will be the most efficient for a given compound 
is rather limited. In view of our interest in the photo
chemical a cleavage reactions of aryl alkyl ke
tones,5’9'16’21-24 we have undertaken a detailed investiga
tion of the photochemical behavior of deoxybenzoins. In 
the present paper the effect of a-methyl and a-phenyl 
substituents on the reactivity of deoxybenzoin is de
scribed. Subsequent papers in this series will deal with 
the effects of aromatic substituents on the reactivity of 
deoxybenzoin and the photochemistry of benzoin ethers.

Results
Product Studies and Quantum Yields. Irradiation of 

deoxybenzoin (1) in degassed benzene solution results in 
the formation of benzaldehyde, benzil, bibenzyl, and tolu
ene (eq 1). Ketones 2-4 give analogous products along 
with styrene and a-methylstyrene in the case of 2 and 3, 
respectively. The products were identified by comparison 
of spectral properties and vpc retention times with those 
of authentic samples. No attempt was made to identify 
the higher molecular weight products which result from 
prolonged irradiation or irradiation in the presence of oxy
gen.7

P h ^ x lb à -  PhC™ + ph<?—<?ph +
R ,  K o  I I

U t, =  R2= H  *  *
2. Rj =  H; R2 =  CHj QO
3 .  R .  =  R .  =  CH:t y
4 . R, = H ;R , =  Ph PhCCPh +  PhCHR,R2 (1)

Bibenzyl is the major product formed upon irradiation 
of a 0.03 M  benzene solution of ketone 1 at low conver
sions. Quantum yields for bibenzyl formation are depen
dent on light intensity, per cent conversion, and the pres
ence or absence of oxygen. The variation in quantum yield 
(313-nm irradiation) with conversion at two different light 
intensities is shown in Figure 1.2S The quantum yields de
crease to half their extrapolated initial values at <5% 
conversion. The extrapolated quantum yields are 0.18 for 
/  = 1.7 x 10-6 einstein l._1 sec-1 and 0.13 for I = 1.0 x 
10 -6 einstein l.- 1 sec-1 . At the former light intensity and 
1% conversion the benzaldehyde quantum yield is 0.050.

In view of the low quantum yields for bibenzyl and 
benzaldehyde formation from ketone 1, it appeared likely 
that cage24 and/or noncage recombination of benzyl and
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Figure 1. Variation in quantum yield for bibenzyl formation from 
deoxybenzoin with conversion: 9 ,1  = 1.7 x 10-6 einstein 1. 1 
sec-1; 0,1 = 1.0 x 10-6 einstein l.-1 sec-1.

benzoyl radicals occurs. In order to assess the extent of 
noncage recombination, an equiabsorbing mixture of ke
tone 1 and 4,4'-dimethyldeoxybenzoin (5) was irradiated 
to ~5% conversion (313 nm, 3.8 X  10-6 einstein l.-1 
sec-1). Fortuitously, 1 and 5 have similar quantum yields 
for bibenzyl formation under these conditions (0.058 and
0.048, respectively). The results shown in Scheme II indi
cate that the efficiency of crossover ketone formation ($ 
= 0.050) is comparable to that for bibenzyl formation ($ 
= 0.059) and greater than that for benzaldehyde forma
tion.

Scheme II 
0  0
Il II

PhCCH2Ph + ArCCH.Ar 
1 5, Ar = p-CH3C6H4

J*r o o i
il ii

_PhC- + PhCH2 + ArO + ArCH2

I
PhCH2CH2Ph + PhCH2CH2Ar +  ArCH2CH2Ar +

$  =  0.015 0.029 0.015
O
II

PhCCH2Ar +  ArCCH,Ph + PhCHO
$  =  0.023 0.027 0.016

In order to simplify the product mixtures resulting from 
irradiation of ketones 1-4, low concentrations of 1-dodec- 
anethiol (RSH) were added to the solutions. Figures 2 
and 3 show the dependence of product quantum yields on 
thiol concentration for ketones 1 and 3 ( ~ 2 %  conversion). 
The benzaldehyde quantum yields increase to a maximum 
value at 2 X 10-3 M  RSH. The quantum yield for benzal
dehyde formation from ketone 1 appears to decrease at 
higher thiol concentration; however, no decrease is ob
served for ketone 2 up to 0.05 M  thiol24 and for ketone 3 
up to 0.10 M  thiol. The decrease in bibenzyl quantum 
yield25 from ketone 1 with added thiol (Figure 2) is ac
companied by increased toluene formation. The quantum 
yields for cumene formation from ketone 3 increases with

Figure 2. Effect of added dodecanethiol on quantum yields for 
benzaldehyde (#) and bibenzyl ( O )  formation from deoxyben- 
zoin.

[ RSH] x 103 M

Figure 3. Effect of added dodecanethiol on quantum yields for 
benzaldehyde (•), bicumyl ( O ) ,  cumene (a ), and a-methylsty- 
rene (A) formation from a.a-dimethyldeoxybenzoin.

added thiol whereas the values for bicumyl- and «-meth
ylstyrene remain constant (Figure 3). Addition of 0.03 M  
thiol to a mixture of ketones 1 and 5 completely suppress
es the formation of crossover ketones.

Maximum quantum yields for benzaldehyde formation 
from ketones 1-3 were determined by irradiating 3 X 10-2  
M  benzene solutions containing 3 X  10-  3 M  thiol to vary
ing conversions. The dependence of l /$  with conversion 
(expressed in terms of benzaldehyde concentration) for 
ketones 1 and 2 is shown in Figure 4. The decrease in 
quantum yield for ketone 2 is more gradual than for ke-
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[ PhCHO] X 1 0 -3  M

Figure 4. Variation in quantum yield for benzaldehyde formation 
from deoxybenzoin (• ), and a-methyldeoxybenzoin (O) with con
version.

tone 1, and the value for ketone 3 is invariant up to sever
al per cent conversion. Quantum yields extrapolated to 
zero conversion are given in Table I.

Table I
Quantum Yields and Kinetic Data

1/r

Ketone Solvent
k q T ,

M -

X 1 0 - ’ , 
sec-1

PhCOCHaPh (1) c 6h 6 2100 0 .2 4
CeHe-RSH 0 .4 4 3100 0 .1 6

PhCOCH(CH3)Ph (2) c 6h 6 170 2 .9
c 6h 6- r s h 0 .4 4 240 2.1

PhCOC(CH3)2Ph (3) c 6h 6 33 15
CeHe-RSH 0 .4 5 42 12

PhCOCHPh, (4) c 6h 6 50 10
“ Quantum yield for benzaldehyde formation in 3 X 10 ~3 

M  dodecanethiol-benzene extrapolated to zero conversion, 
±5 % . b Slopes of linear Stern-Volmer plots for naphthalene 
quenching, ±35% for ketone 1, ±15% for ketones 2-4.

Kinetics. Irradiation of ketones 1-4 iri the presence of 
conjugated dienes, biphenyl, or naphthalene diminishes 
the quantum yields for product formation. Curved Stern- 
Volmer quenching plots were obtained for diene quench
ers, presumably due to reaction of the free radical prod
ucts with the diene. Biphenyl (313-nm irradiation) and 
naphthalene (365-nm irradiation) both gave linear Stern- 
Volmer plots; however, the slope f ^ r )  for the biphenyl 
quenching plot is two to three times less than that for 
naphthalene quenching. This is indicative of quenching at 
less than the diffusion-controlled rate by biphenyl.26® 
Thus naphthalene proved to be the most satisfactory 
quencher in spite of the necessity of irradiating at wave
lengths >330 nm to avoid competitive absorption by 
quencher. Sufficient naphthalene was used to quench be
tween 30 and 60% of product formation. This required 
naphthalene concentrations of ~10-4 M  for ketone 1 and 
-~10-2 M  for ketones 3 and 4. The slopes of individual 
Stern-Volmer plots were determined by the method of 
least squares and had correlation coefficients of 0.98 or 
better. The slopes of linear Stern-Volmer plots for naph
thalene quenching of benzaldehyde formation decrease

l/[2 -P rO H ] M -‘

Figure 5. Dependence of quantum yield for deoxybenzoin photo
reduction with 2-propanol concentration.

Table II
Absorption Spectral Data for Phenyl Ketones PhCO-R

✓-----Cyclohexane-—> ✓-------- Ethanol-------- *
Compd R Xmax) nm («) A max» nm M

6 c h 3 323 (40) 316 (63)
7 C(CH3)3 321 (89) 317 (130)
1 CH2Ph 323 (126) 321 (160)
2 CH(CH3)Ph 323 (168) 321 (210)
3 C(CH3)2Ph 325 (140) 320 (170)
4 CHPh2 327 (200) 324 (196)

with increasing conversions. As is the case for the benzal
dehyde quantum yields (Figure 4), the effect is greatest 
for ketone 1. This results in a larger error in the value of 
kQt for ketone 1 than for ketones 2-4.

The kqr values given in Table I are the slopes of Stern- 
Volmer quenching plots obtained at <1% conversion both 
with and without added thiol. The data obtained without 
added thiol are the average of four or more Stern-Volmer 
plots. The data for ketone 1 with added thiol are the aver
age of six Stern-Volmer plots with a standard deviation of 
35%. The error limits for ketones 2-4 are considerably 
smaller (±15%). The 1/r values in Table I are calculated 
assuming kQ = 5 X 109 M~x sec-1 for naphthalene 
quenching. By analogy to the results of Wagner26b for 
quenching of valerophenone and a,a-dimethylvalerophe- 
none, we assume that there is no steric effect on the rate 
constant for energy transfer.

Irradiation of ketone 1 in 2-propanol-benzene solution 
results in the formation of acetone and a mixture of stere- 
oisomeric pinacols17-20 in addition to the products of a 
cleavage. The variation in the quantum yield for acetone 
formation with 2-propanol concentration is shown in Fig
ure 5. The linear portion of the line obtained for 2-propa
nol concentrations <1 M  has a slope of 6.4 ±  0.1 M  and 
an intercept of 1.0 ±  0.2. The deviation from linearity at 
higher 2-propanol concentrations is similar to that ob
served for acetophenone photoreduction.27’28

Spectroscopic Data. The ultraviolet absorption data 
for ketones 1-4 in cyclohexane and ethanol solvent are 
given in Table II along with values for acetophenone (6) 
and pivalophenone (7). Emission spectra were recorded at 
77°K in both polar and nonpolar glasses. Structured emis-
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nm
Figure 6. Room temperature absorption (------), emission (------ ),
and 77°K emission (------ ) spectra of deoxybenzoin (arbitrary in
tensities) .

sion similar to that for acetophenone or pivalophenone 
was observed for ketones 2-4. The positions of the emis
sion maxima for ketone 1 in EPA agree with a previous 
report.29 Triplet energies are estimated from the position 
of the highest energy emission maxima and are the same in 
MC and MP glasses. Triplet lifetimes were determined by 
flash-emission studies at 77°K. Emission from ketones 2-4 
and 7 occurs predominantly from a single short-lived ex
cited state (r < 10 msec) in both polar and nonpolar sol
vents. Intersystem crossing quantum yields for ketones
2-4 and 7 were determined by the method of Lamola and 
Hammond.30 Comparison of the extent of trans —*■ cis pi- 
perylene isomerization to that for benzophenone (4> = 1.0) 
gave values of 1.0 ±  0.05 for all of the ketones studied.

Room temperature emission was observed from highly 
degassed carbon tetrachloride or benzene solutions of ke
tones 1 and 6. Room temperature emission of ketone 6 has 
previously been observed31 and is considerably more in
tense than that for ketone 1. The room temperature and 
77°K emission spectra and absorption spectrum of ketone 
1 are shown in Figure 6. The position of the emission 
maxima at 77°K and at room temperature are quite simi
lar. Quenching of the room temperature emission in ben
zene by 2,5-dimethyl-2,4-hexadiene yields a value of 1/r =
1.2 ±  0.2 X  10® sec-1 , in excellent agreement with the 
values obtained by product quenching (Table I). The 
room temperature emission of ketone 1 was also quenched 
by 1-dodecanethiol. From the slope of the phosphores
cence quenching plot (feqr = 37 1M_1) and the triplet life
time, a value of kQ = 4.4 ±  1.5 X  107 M 1 sec ~1 for thiol 
quenching is obtained.

Discussion
Free Radical Reactions. The products observed upon 

irradiation of ketones 1-4 in benzene solution (eq 1) can 
be accounted for in terms of a general mechanism shown 
in Scheme III for ketone 3. There is no evidence for prod
ucts arising from any photochemical process other than a 
cleavage and the subsequent free radical reactions. We 
will concern ourselves first with the cage and noncage

Scheme III
Reactions of the Photochemically Generated Radical Pair

reactions of the benzoyl radical and subsequently with the 
nature of the excited state and a cleavage process.

Possible cage reactions of the initially formed radical 
pair include recombination to give ground state ketone 
(^comb)i diffusion to give separated free radicals (feairr), 
and, in the case of ketones 2 and 3, disproportionation to 
benzaldehyde and styrene or a-methylstyrene (&disp)- 
Since a cleavage occurs from a triplet state (vide infra) 
cage recombination and disproportionation require spin 
inversion prior to bond formation. Salem32 has recently 
shown that a triplet diradical state is nearly degenerate 
with the singlet diradical. Thus there should be no spin- 
correlation effect33 on the radical pair cage reactions. In 
accord with Salem’s theory we have found cage recombi
nation of optically active ketone 2 to account for at least 
one-third of the initially excited molecules.24 Cage dispro
portionation may be responsible for some of the benzalde
hyde from 2 and 3 and the excess of a-methylstyrene over 
cumene from 3 in the absence of thiol scavenger (Figure 3, 
4>disP -  0 .02).

Noncage radical reactions include recombination of 
benzoyl and benzyl radicals to give ground state ketone 
(k'comb)- The formation of crossover ketones upon irradia
tion of a mixture of ketones 1 and 5 (Scheme II) indicates 
the importance of this reaction in the absence of added 
thiol. Since the quantum yields for crossover ketone and 
bibenzyl formation are comparable, the rate constant for 
benzoyl-benzyl combination must be comparable to the 
known rate constant for benzyl-benzyl combination (4.1 X 
109 M 1 sec-1 ).34 Noncage disproportionation (&'djSp) of 
benzoyl-cumyl radical pairs from ketone 3 cannot be very 
important in view of the low a-methylstyrene quantum 
yield and its insensitivity to added thiol (Figure 3).

In addition to reactions with benzyl radicals, benzoyl 
radicals can combine to form trace amounts of benzil (kc) 
or abstract hydrogen to form benzaldehyde (k3il). Similar
ly, benzyl radicals can combine or abstract hydrogen, and 
the 1-phenylethyl and cumyl radicals can disproportion
ate. The quantum yields for cumene and bicumyl forma
tion from ketone 3 provide a value of 0.059 for the dispro- 
portion/combination ratio of the cumyl radical. This re
sult is in excellent agreement with the value 0.054 re
ported by Nelsen and Bartlett.35

Addition of low concentrations of dodecanethiol (RSH) 
to the benzene solvent greatly increases the quantum 
yields for benzaldehyde formation (Figures 2 and 3) and 
thereby simplifies quantitative study of the a cleavage 
reaction.22-24’36 The ability of thiol to scavenge all of the 
noncage benzoyl radicals (eq 2) is indicated by the total 
supression of crossover ketone formation from ketones 1

PhCO +  RSH — »  PhCHO +  RS- (2)
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Table III
Phosphorescence Data for Phenyl Ketones

Compd R Solvent -Et , kcal/m ol r, msec

6 c h 3« MC‘ 73.5 4
EtOH 74.0 8.0
CCI," 72.0

7 C(CH3)3 MC 71.5 3.7
EPA* 72.2 4.9

1 CH2Ph MC 72.0 1.9
EPA 73.3 2.8
c 6h 6= 72.0

2 CH(CH3)Ph MC 73.0 2.9
EPA 73.3 4.6

3 C(CH3)2Ph MC 73.0 4.1
EPA 73.0 6.1

4 CHPh2 MP' 72.4
° Data from ref 44. b Methylcyclohexane. c Room tem

perature emission. d Ether-isopentane-ethanol. * Methyl- 
cyclohexane-isopentane.

and 5 (Scheme II) by 3 X 10“ 2 M  RSH and by the max
imization of benzaldehyde quantum yields with ~10-3 M  
RSH (Figures 2 and 3). Possible complications arising 
from the use of thiols include reactions of the thiyl radical 
and quenching of the excited state by thiol. The abstrac
tion reaction (eq 2) is known to be approximately thermo
neutral.37 The thiyl radicals formed do not initiate the 
decarbonylation of benzaldehyde as they do for aliphatic 
aldehydes.38 Zepp and Wagner39 have reported that thiols 
quench the 3n,ir* state of acetophenone with a rate con
stant of 1.4 X 107 M -1 sec 1. The rate constant for dodec- 
anethiol quenching of ketone 1 obtained by quenching of 
room temperature phosphorescence is 4.4 x 107 M -1 
sec 4. Since we typically used thiol concentrations of 10“ 3 
M, quenching of ketones with lifetimes shorter than 10 -  6 
sec should be insignificant.

The thiol scavenging results shown in Figures 2 and 3 
can also be used in conjunction with the known rate con
stants for benzyl34 and cumyl40 radical combination (eq 3 
and 4) to provide rate constants for the reaction of benzyl 
and cumyl radicals with dodecanethiol. A steady-state as
sumption for benzyl radical gives eq 5, where $ is the 
quantum yield for noncage radical formation, I is the light 
intensity, and kc and kSH are the rate constants for reac
tions 3 and 4. From the light intensity and a value of $ «=
0.5 (Table I), the steady-state concentration of benzyl

2PhCH2- PhCH2CH2Ph (3)

PhCH2- +  RSH PhCH3 +  RS- (4)

i>I =  =  2/zc[PhCH2']2 +  6SH[PhCH2'][RSH] (5)

radicals in the absence of thiol is 1.1 x  10 “8 M. Estima
tion of feSH by successive approximation gives a best fit to 
the experimental data for bibenzyl formation (Figure 2) 
for a value of ksn = 3.5 X 104 M 1 sec-1 . This value is in 
good agreement with the rate constant for benzyl radical 
hydrogen abstraction from a-toluenethiol (&sh = 5.1 X 104 
M-1 sec-1 ) reported by Burkhart.34 Similar analysis of the 
data for cumene formation from ketone 3 gives a value of 
kSH = 8.3 X 103 M -1 sec-1 for the abstraction reaction of 
cumyl radical. The smaller rate constant for cumyl vs. 
benzyl radical is expected on the basis of radical stability.

Identity of the Reactive Excited State. The nature of 
the reactive excited state is of considerable importance in 
photochemical a cleavage reactions. For example, the 
lowest triplet state of dialkyl ketones is much more reac
tive toward a cleavage than the singlet state.41 The con
figuration of the lowest triplet state is also important, 
since it is known that a lowest 3n,7r* state is more reactive

than a 37t,7t* state in the case of substituted pivalophe- 
nones2.3 and 2-phenyl-l-indanones.12 The ability of naph
thalene, biphenyl, and dienes to quench the formation of 
products from ketones 1-4 indicates that a cleavage occurs 
from a triplet state. High intersystem crossing quantum 
yields establish that triplet formation occurs with unit ef
ficiency. The n,?r* absorption spectra of ketones 2-4 and 
pivalophenone (7) are much more intense than that of ac
etophenone (6) (Table II). The exhalted n,7r* absorption 
of a-phenyl ketones has been attributed to interaction of 
the n,7r* state with the adjacent tc electrons.42’43 This in
teraction could lead to a lowest n,Tr* triplet with substan
tial 7r,ir* character or a lowest ir,ir* triplet. In either case 
a decrease in reactivity compared to pivalophenone would 
be expected.

The low temperature emission spectra of ketones 1-4 
are highly structured (Figure 6) and similar in appearance 
to those of ketones 6 and 7. Ketones 1-4 and 7 display 
predominantly short-lived emission in both polar and non
polar glasses (Table III). Such emission is characteristic of 
phenyl ketone 3n,7r* states.44 The weak room temperature 
emission of ketone 1 in benzene is less well resolved than 
the low temperature emission (Figure 6); however, the 
emission maxima occur at similar wavelengths. Thus the 
lowest energy triplet state both at room temperature and 
at 77°K is the 3n,7r* state.

Transition State for a Cleavage. The formation of 
benzaldehyde from ketones 1-4 can be described by the 
abbreviated mechanism given in eq 6-9

D ■d ^  3d (6)

3D ^  D (7)

3D + Q D + 3Q (8)
, RSH

PhCO + PhCRjRj — *- PhCHO (9)
where D is the deoxybenzoin and Q is the quencher naph
thalene. Since the 3n,7r* state is formed with unit efficien
cy, the quantum yield for benzaldehyde formation is de
termined by the efficiency of a cleavage and the probability
(d) that the benzoyl radical will form benzaldehyde. The 
ratio of the quantum yield expressions with and without 
added quencher (eq 10 and 11) gives the Stern-Volmer equa
tion (eq 12). The probability factor 3 should not change upon 
addition of quencher and thus will not affect lifetimes de
termined by Stern-Volmer kinetics. Evidence has recently 
been presented that cage recombination of benzoyl and 
benzyl radicals rather than nonradiative decay of the 
3n,7r* state is responsible for the inefficiency in product 
formation from ketone 2.24 Thus the triplet lifetimes ob
tained from Stern-Volmer quenching experiments (Table
I) are determined by the rate constant for a cleavage (ka 
= 1/ t ).

$
_  /  kq \

\ka +  k j ß

<i>
k„

<ka +  kA +  &q[Q],

$
=  1 + * q[Q]

=  1 +  ¿ qr[Q ]

(10)

( I D

(12)
ka T kj

The kinetic data in Table I show that the triplet life
times decrease with substitution of either methyl or phe
nyl groups at the a carbon. Such a trend would be expect
ed if the rate constant for a cleavage is determined by the 
stability of the radical pair. It has been commonly as
sumed that reactivity toward a cleavage is determined by 
the stability of the radicals produced;45 however, evidence 
concerning the free radical character of the transition
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Table IV
Rate Constants for Photochemical a Cleavage and Perester Thermolysis“

P h C (= 0 )R , 
f e » "  X 10-» sec- Registry no.

R C (= = 0;00-£ -B u , 
¿therm600 X 103, sec“1 Registry no.

-C H (C H 3) 2
-C (C H 3) 3
-C H 2Ph
-C H (C H a)P h
-C (C H 3)2Ph
-C H P h 2

0 .  034f.'
1 .  P  
0 .16  
2 .1

12
10

611-70-1

1 Values from  ref 48. b Values from  ref 23. 0 See ref 49.

-“ ’e C r m

Figure 7. Linear free-energy relationship of photochemical a 
cleavage [PhC(=0)R] and perester thermolysis [R C (= 0 )0 0 -i- 
Bu],

state is lacking. Consideration of bond dissociation ener
gies22 indicates that a cleavage of ketones 1-4 is exother
mic. Thus, according to the Hammond principle,46 the 
transition state should more nearly resemble the ketone 
excited state than the radical pair. The faster a cleavage 
rate constant for pivalophenone (7) vs. deoxybenzoin is 
clearly contrary to predictions based on radical stability. 
There are several previous reports of homolytic cleavage 
reactions in which feri-alkyl compounds are more reactive 
than benzyl compounds. Among these are the photochem
ical a cleavage reactions of cyclohexanones (eq 13),45b the 
/?-scission reaction of alkoxy radicals (eq 14),47 and perester 
thermolysis (eq 15 and Table IV).48

1/r X  10-8 sec-1 0.33 

CH3

RC— O

(13)

(14)

CH3
ky. i-Bu >  i-Pr >  PhCH2 > Et >  Me 

0

RCOOC(CH3)3 R- +  C02 +  -OC(CH3)3 (15)

Riichardt’s48 extensive studies of homolytic cleavage 
reactions have resulted in several criteria for determining 
the position of the transition state along the reaction coor-

0.069
2 .3
0.41
5 .8

58
27

109-13-7
927-07-1

3377-89-7
3377-90-0

24161-29-3
13144-32-6

dinate. One criterion involves the relative effects of a- 
methyl and a-phenyl substituents upon reaction rate. 
Tertiary alkyl radicals are always formed more rapidly 
than secondary or primary, even when bond breaking is 
not far advanced in the transition state. However, sub
stantial rate acceleration upon a-phenyl substitution re
quires a radical-like transition state. Rüchardt has pre
sented convincing evidence that the perester C„-CO bond 
is only insignificantly lengthened in the transition state 
(eq 15). Since radical character is not highly developed, 
the stability of the benzyl radical is not reflected in the 
rate of thermolysis. Thus comparison of our results for a 
cleavage of phenyl ketones with Riichardt’s studies of per
ester decomposition should be particularly informative. 
The free energy relationship for the data given in Table IV 
is shown in Figure 7. The linearity of this relationship 
(correlation coefficient = 0.996) indicates that substitu
ents have similar effects on the transition states for both 
reactions. A second criterion for the position of the transi
tion state along the reaction coordinate is the effect of ring 
size on reaction rate. Both photochemical a cleavage of 
a-methyl cycloalkyl ketones50 and the corresponding per- 
esters48c have larger rate constants for six-membered than 
for five-membered rings. Since the introduction of an sp2

I------------1/C H .
(CH2)„_1 c C / P h

I------------I Y
0

h l h  -  0.1

| l / CH3
(CH2)„_! c C ^ o

L T  ' o '  
0

£5/ / j6 =  0.33

center in a cycloalkane ring produces a larger decrease in 
conformational strain for five-membered than for six- 
membered rings, a value of k5/k$ > 1 would be expected 
if the transition states had substantial free radical charac
ter.

From the preceding analogies with perester thermolysis, 
we conclude that the transition states for a cleavage of 
phenyl ketones 1-4 and 7 lie early on the reaction coordi
nate. It should be emphasized that increased reactivity 
toward a cleavage with increasing substitution at the a 
carbon is due mainly to ground state steric effects48 rather 
than increased stability of the product radical pair.45 The 
results of Wagner45b for a cleavage of cyclohexanones in
dicate that this conclusion may apply to photochemical a 
cleavage reactions in general.

As previously mentioned, an alternative explanation of 
the decreased reactivity of ketone 1 vs. 7 is that the a- 
phenyl group alters the triplet energy or the configuration 
of the lowest triplet state. Although the spectroscopic 
data do not support such an explanation, it was further 
explored by studying the photoreduction of ketone 1. Pho
toreduction rate constants for aryl ketones are known to 
be sensitive to the configuration of the lowest triplet 
state.23’51 Incorporation of photoreduction (eq 16) into the 
previous kinetic scheme (eq 6-9) gives the relationship 
between the quantum yield for acetone formation and 2- 
propanol (RH) concentration in eq 17. A plot 4>_1 vs.
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[RH]~X is linear for 2-propanol concentrations less than
1.0 M  and has an intercept of 1.0 (Figure 5). The nonlin
earity at higher 2-propanol concentrations is similar to 
that observed for photoreduction of acetophenone.52 From 
the slope of the linear portion of Figure 5 and the triplet 
lifetime from Table I ,  a value of kr =  2.5 X 105 M -1 s e c 1 
is obtained. This value is similar to that for propiophe- 
none (4.4 X 105 M -1 sec-1 ) and distinctly faster than 
those for isobutyrophenone (0.9 X 105 M -1 sec-1 ) and pi- 
valophenone (0.24 x 105 M -1 sec-1 ).23 Thus it seems 
highly unlikely that the lowest triplet of deoxybenzoin has 
more character than the lowest triplet of pivalophe-
none.

OH

3D +  (CH3)2CHOH PhCCHjPh +  (CH3)2COH — ►
OH OH
I I

PhCH2C— CCH2Ph +  (CH3)2C = 0  (16)

Ph Ph

1 _  K  +  kA 1
¿,.[RH] “  +  ¿,.t[RH] (17>

One final aspect of our results that warrants discussion 
is the unusually marked decrease in product quantum yields 
with increasing conversion (Figures 1 and 4).83 This be
havior provides one of the few examples of efficient 
quenching by a photoproduct.54-55 Incorporation of benz- 
aldehyde (B) quenching (eq 18) into the previous kinetic 
scheme (eq 6-9) gives eq 19.55b

3D +  B D +  3B (18)

1 1 A  | ¿qPT[B]\
<FB -< i>BT +  2 ) (19)

The slope/intereept ratios from Figure 4 give kqpr values 
of 1700 and 72 M -1 for ketones 1 and 2. Using the triplet 
lifetimes in Table I, the apparent rate constants555 for 
quenching of ketones 1 and 2 by benzaldehyde are both 
~2 X 109 M -1 sec-1 . Owing to its relatively long triplet 
lifetime, ketone 1 is more sensitive to product quenching 
than are ketones 2-4. Product quenching decreases life
times measured by Stern-Volmer quenching as well as 
quantum yields. This problem was minimized by con
ducting quenching studies at <1% conversion. The excel
lent agreement of the lifetimes measured by naphthalene 
quenching of product formation and 2,5-dimethyl-2,4-hex- 
adiene quenching of room temperature phosphorescence 
for ketone 1 indicates that the product quenching data in 
Table I are reliable. However, it should be borne in mind 
that quantum yield and kinetic data for reactions in 
which a product quenches the excited state precursor 
must be extrapolated to zero conversion.

Experimental Section
Ketones and Solvents. Deoxybenzoin (1) was either a commer

cial sample (Aldrich) or prepared v ia  Friedel-Crafts acylation of 
benzene with phenylacetyl chloride, mp 55-56°. a-Methyldeoxy- 
benzoin (2) was prepared by the method of Meyer and Oelkers,56 
mp 51° (lit.56 53°). a,a-Dimethyldeoxybenzoin (3) was prepared 
by alkylation of deoxybenzoin with sodium hydride and methyl 
iodide or by the reaction of a,a-dimethylbenzyl cyanide with 
phenylmagnesium bromide,57 mp 45-46° (lit.57 mp 46-47°). a- 
Phenyldeoxybenzoin (4) was prepared by Friedel-Crafts alkyla
tion of benzene with desyl chloride, mp 136-137° (lit.58 135-136°). 
4,4'-Dimethyldeoxybenzoin (5), 4-methyldeoxybenzoin, and 4'- 
methyldeoxybenzoin were all synthesized by Grignard reactions of 
benzylmagnesium chloride or 4-methylbenzylmagnesium chloride 
with benzaldehyde or p-tolualdehyde, mp 101° (lit.59 102°), mp 
96° (lit.60 97°), and mp 108° (lit.60 110°), respectively. All ketones 
were extensively purified by recrystallization, chromatography on

silica gel, or vacuum sublimation. Purity was >99% by vpc in all 
cases. Naphthalene was purified by sublimation or zone refining. 
Benzene (thiophene-free or spectrograde) was distilled from sodi
um wire or phosphorus pentoxide prior to use. Dodecanethiol (Al
drich) was distilled prior to use.

Quantum Yields and Kinetics. For quantum yield measure
ments, benzene solutions containing 3 x 10-2 M  ketone and 10-3 
M  tetradecane internal standard were degassed and sealed under 
vacuum in 13-mm-o.d. Pyrex tubes. The tubes were irradiated on 
a merry-go-round apparatus at 23 ±  2° using a Hanovia 450-W 
lamp and a potassium chromate filter solution to isolate the 313- 
nm mercury line. Light intensities were measured by simulta
neous irradiation of benzophenone-benzhydrol61 and/or potassi
um ferroxalate62 actinometers. Both actinometer systems gave 
the same measured intensities. Product yields were determined 
by vpc analysis on either a 7 ft x 0.125 in. column of 10% FFAP 
on DMSC-treated Chromosorb G or a 6 ft x  0.125 in. column of 
4% QF1 and 1% Carbowax 20M on Chromosorb G using a Hewl
ett-Packard 5750 gas chromatograph. Naphthalene quenching 
studies were conducted both with and without added dodecane
thiol. The studies with added thiol were conducted on 0.1 M  ketone 
solutions containing 3 X 10-3 M  thiol in degassed benzene. Cor
ning filters 7-54 and 0-52 were used to isolate 365-nm irradiation. 
Quenching studies without added thiol were conducted on 5 X 
10-2 M  ketone solutions contained in quartz tubes and bubbled 
with oxygen-free nitrogen for 5 min. Light from a Philips 125-W 
high pressure mercury lamp was filtered to prevent irradiation at 
wavelengths shorter than 330 nm. The tubes were analyzed for 
benzaldehyde and bibenzyl formation on a 2 m x 0.4 cm column 
of 5% SE-30 on DMSC treated Chromosorb G using a Perkin- 
Elmer F 20 gas chromatograph. Quantum yields for acetone for
mation from irradiation of ketone 1 in degassed 2-propanol-ben- 
zene were determined as previously described.28

Spectroscopic Data. Absorption spectra were recorded on a 
Cary 14 spectrophotometer. Emission spectra were recorded at 
77°K in a 4:1 methylcyclohexane-isopentane (MP) glass using an 
Aminco-Bowman spectrophotometer and in methylcvclohexane 
(MC) and 5:5:2 ether-isopentane-ethanol (EPA) using a Perkin- 
Elmer MPF-2A spectrophotometer. The results obtained in MP 
and MC with the two different spectrophotometers were identical. 
Room temperature emission spectra of acetophenone and deoxy
benzoin (10-2 M) were recorded on highly degassed samples in 
sealed Pyrex ampoules at 22° using the Perkin-Elmer spectropho
tometer. Quenching of room temperature emission was investi
gated by adding increasing amounts of 2,5-dimethyl-2,4-hexa- 
diene.

Flash-Emission Kinetics. Phosphorescence lifetimes were 
measured by a fully computerized, signal averaging approach. 
The exciting source was a Xenon Corp. micropulse flashtube 
(pulse width ~ 5  /isec) with a Model.457 power supply. Light from 
the flash tubes was filtered by a Corning 7-54 glass filter to re
duce scattered light with wavelengths >370 nm. Degassed sam
ples contained in sealed 4-mm-o.d. Pyrex tubes were cooled to 
77°K in a quartz dewar. Emitted light was viewed at 90° to the 
excitation through a 0.25-m Bausch and Lomb grating monochro
meter by an EMI Model 6256 photomultiplier. The photomulti
plier output was amplified by a series of three Philbrick-Nexus 
Model 1011 operational amplifiers interfaced to the 40-kHz ana- 
log-to-digital converter of a Raytheon 704 on-line digital comput
er. The computer is programmed to fire the flashtube, acquire the 
phosphorescence decay data, and compute the lifetime from a 
least-squares fix of the data. The results in Table III are the aver
age of three or more lifetimes determined at the 0-0 emission 
band.
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Alumina-Catalyzed Reactions of Hydroxyarenes and Hydroaromatic 
Ketones. VII. Reaction of 5-Indanol with Methanol13
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The alumina-catalyzed reaction of 5-indanol (1) with excess methanol was investigated as a function of tem
perature (330-520°) and catalyst acidity. 4,5,6,7-Tetramethylindan (3), 4,5,6,7-tetramethylindene (4), and
2,4,5,6,7-pentamethylindene (5) are the major products formed at 390-520° over a catalyst (B) containing sodi
um ion. Compound 4 is the main component (37-50 mol % yield, based on converted 1) at 390-420°, whereas 3 
is favored (44-54 mol %) at 470-520°. At 470°, methanol serves as a hydrogen donor (for the forward reaction) in 
the quasi-equilibrium system 4 + 2H ra 3. With a sodium-free catalyst (A), 3 is the main product from 1 at 
390-420° (61 mol %), whereas 4 is a minor component. With A, the yield of 5 decreases (from 27 to 13 mol %) 
with increasing temperature in the range of 330-390°. Compound 5 was also synthesized by a noncatalytic 
method.

It was shown previously2“4 that phenol and naphthols 
react with methanol at 400-550° in the presence of alumi
na catalysts to form polymethylarenes. At milder temper
atures the formation of oxygen-containing intermediates,

i.e., methylated hydroxyarenes and hydroaromatic ke
tones, was observed. As an extension of these studies the 
alumina-catalyzed reaction of 5-indanol (1) with metha
nol, and its dependence on temperature (330-520°) and
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catalyst acidity, was investigated. Since 1 is a substituted 
phenol, facile methylation of the aromatic ring was antici
pated above 300°.

The experimental and analytical procedures were simi
lar to those employed previously.2-4 Catalysts used were A 
(sodium free alumina, obtained by hydrolysis of alumi
num isopropoxide) and B (Harshaw alumina containing 
ca. 0.4% of sodium ion).5 The molar ratio of methanol to 1 
was 20:1 in all runs. Experimental data áre summarized 
in Tables I and H.

As noted in Table I, there are three main products 
formed by reaction of 1 with methanol at 390-520° in the 
presence of B, or at 330-470° in the presence of A, viz., 
4,5,6,7-tetramethylindan (3), 4,5,6,7-tetramethylindene 
(4), and 2,4,5,6,7-pentamethylindene (5). In addition, 5-

5, Y = CH3

methoxyindan (2) is produced with B below 400° and the 
yield of 2 increases as the temperature decreases toward 
355°. The relative yields of 3 and 4 vary to a considerable 
extent with temperature and with catalyst acidity. With 
B, formation of 3 increases monotonously with increase of 
temperature from 355° (2 mol %) to 520° (54 mol %), 
whereas the yield of 4 reaches a maximum (ca. 50 mol %) 
near 420°. The yield of 4 is higher than that of 3 at 355- 
420°, while 3 is the major product at 470-520°. With A, on 
the other hand, 3 is the predominant component at all 
temperatures studied, while 4 is formed as a minor com
ponent only (expt 8-12). The maximum yield of 3 ob
tained with catalyst A is ca. 61 mol % at 420° (expt 11). 
Increase of temperature to 470° (expt 12) causes consider
able decrease in the yield of 3, as a result of fragmenta
tion reactions which lead to products of low molecular 
weight. With catalyst B the yield of pentamethylindene 5 
reaches a maximum at ca. 390° (21 mol %, based on con
verted 1) and then remains nearly constant (at 9-13 mol 
%) in the range of 405-520°. With A the formation of 5 de
creases with increasing temperature in the range of 330- 
420° (expt 8-11) and is 27 mol % (based on converted 1) at 
330°. Altogether, for B at temperatures above 390° and for 
A at temperatures above 330° the average number of 
methyl groups per indene or indan ring present in the 
total identified product is close to 4.2.

Table II and Figure 1 show the results of a series of ex
periments in which a product mixture (from expt 13) was 
recycled five times (expt 14-18) through catalyst B at a 
constant temperature of 470°. A fresh portion of methanol 
was added to the recycled material in each run. The data 
show that the concentration of 3 increases with increasing 
reaction time and ultimately reaches a constant value of 
ca. 69 mol %, while the concentration of 4 consistently de
creases to ca. 9 mol % (i.e., the molar ratio of 3:4 of 7.7 is 
attained). Similarly, when one uses pure 3 as the starting 
material in recyclization experiments (expt 19-20) a molar 
ratio of 3:4 of 9.6 is attained. Extrapolation of these data 
(Figure 1, broken lines) to longer reaction times indicates 
that a convergent molar ratio of ca. 9.0 would result, cor
responding to a pseudo-equilibrium relationship of 4 4- 2H 
s=± 3, where the hydrogen is ultimately furnished by meth
anol. In contrast, the concentration of pentamethylindene 
5 does not seem to be significantly altered by change in 
reaction time. A single recycle of the product mixture
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Table II
Alumina-Catalyzed Transformations in the Polymethylindan-Indene System with Methanol“

Experiment no. IS6 146 15b 16b 176 18b 19 ' 20'
Reaction time, hr1* 0 2 4 6 8 10 6 12
P roduct component, m ol % 

4,5,6,7-Tetramethylindan (3) 31 .3 40 .3 55.3 63 .4 67 .6 69 .2 84 .5 70 .0
4,5,6,7-Tetramethylindene (4) 46 .9 36 .9 20 .8 13 .4 9 .3 9 .0 7 .8 7 .3
2,4,5,6,7-Pentamethylindene (5) 9 .7 10 .4 11 .4 10 .4 9 .6 7 .5 3 .4
Unidentified' 12.1 12.4 12 .5 12 .8 13.5 14 .3 7 .7 12 .3

“ Reaction temperature, 470°; catalyst B. b Experiments 13-18 were run consecutively by recycling 6 g o f  a mixture o f  
initial com position indicated under expt 13 (zero reaction time) with a fresh portion o f methanol (32 g) and benzene (10 ml) 
for each run. ' Experiments 19 and 20 were run by recycling pure 3 (0.5 g) with fresh methanol (16 g) and benzene (4 ml). 
d Cumulated reaction tim e.‘  See footnote d, Table I.

Figure 1. Interconversion of 4,5,6,7-tetramethylindan (3) and 
4,5,6,7-tetramethylindene (4) at 470° in the presence of catalyst B 
and excess methanol, as a function of total reaction time. Start
ing materials: (a) a mixture (3:2, mol/mol) of 4 (open circles) and 
3 (solid circles); (b) pure 3 (solid triangles), without 4 (open tri
angles).

from expt 13 through B at 420° showed no appreciable in
terconversion of 3 and 4.

In analogy to the reactions of phenol and naphthols2-4 
with methanol in the presence of alumina, it is presumed 
that production of hydrocarbons 3-5 is preceded by the 
formation of C-methylated oxygen-bearing precursors. No 
attempt was made to isolate these intermediates in the 
indanol system. However, it seems likely that direct C- 
methylation of the aromatic ring in 1 will occur by elec
trophilic attack at C-4 and C-6 only, while méthylation at 
C-5 and C-7 results from migration of ortho methyl sub
stituents in the manner proposed earlier. Thus, in the 
previously presented shorthand notation for possible se
quential pathways in the 1-naphthol series,20 one can de
rive 3 from 1 by any of the following alternative routes 
(listed in order of increasing energy of an intermediate):
(6,4,6),r,6,Rr, (6,4,6),r,4,Kr, 6,6 ,r,4 ,4 ,R r, 7a,r,(6,4,6),.Rr, 
and 7a,r,(6,4,4),iir, where the numbers refer to successive 
positions of ring méthylation, parenthesized numbers rep
resent allowed permutations in the méthylation sequence, 
r symbolizes the dienone-phenol rearrangement (as in the 
transformation 7 -*■ 8), and R r indicates the terminal re
duction-rearrangement process. If dimethylation occurred 
at C-4 more readily than at C-6 under the conditions 
used, one should have found appreciable amounts of 4,5- 
dimethylindan and 4,5,6-trimethylindan (formed via in
termediates 9 and 10, respectively) among the isolab le 
products. The difference in facility toward dimethylation 
at these two positions may be ascribed to the fact that 
each of the molecules 9 and 10 contains a high-energy ec
lipsed (by the hydrogen atoms at C-3) geminal dimethyl 
group, while the isomeric compound 6 or 7, respectively, 
does not.

c h 3

ch3V V ^ 1 r, CH3—

ch3

i V 1J for 7*
m f V e < > <  CR, CH3

Y c h 3 9, Y =  H
6, Y =  H 8 10, Y =  CH3
7, Y=CH 3

Experiments 13-20 show that the rate of conversion of 3 
and 4 into pentamethylindene 5 is slow in comparison to 
the rate of conversion of 5-indanol (1) into 5 (expt 5). It is 
suggested that in the transformation 1 —* 5 dehydrogena
tion to an indenol plus methylation at C-2 precede the 
process of deoxygenation and that 8 is a likely intermedi
ate along the reaction pathway.

The structure of 5 was confirmed by an independent 
synthesis starting with Friedel-Crafts alkylation of
1,2,3,4-tetramethylbenzene by means of methyl 3-bromo- 
isobutyrate. Cyclization of the condensation product gave
2,4,5,6,7-pentamethyl-l-indanone (11), which was reduced 
to the carbinol 12 and dehydrated to 5.

Experimental Section6
Procedure. Experiments 13-20 (Table II) were carried out in 

the apparatus described previously,2® while expt 1-12 (Table I) 
were conducted in a 60 X 2.2 cm (i.d.) stainless steel tube (iso
thermal zone 25 cm in length). Catalysts A and B were the same 
as used before and were activated at 600°.5 In expt 1-12 the hot 
catalyst was washed with 10 ml of MeOH and then 100 ml of ben
zene after the reaction proper. Further processing was conducted 
as before, except that recovered acidic components were extracted 
into benzene and separations and identifications of reaction prod
ucts were accomplished by vpc by means of a stationary phase of 
10% Bentone 34 plus 5% DC-550 silicone fluid on 60-80 mesh 
Chromosorb W at 180°.

Isolation and Identification of Reaction Products. 5-Methox- 
yindan (2) [n25d 1.5424; ir (CS2) 1250 (Ar-0 stretch) and 1070 
cm' 1 (CH3-O  stretch)7] was isolated from expt 2 and identified 
by ray and pmr.8 4,5,6,7-Tetramethylindan (3) [ir (CS2) 2950 (s), 
1380 (m), 1316 cm-1 (w); ir (CHCI3) 1416 cm-1  (s)] and 4,5,6,7- 
tetramethylindene (4) [ir (CS2) 2940 (s), 697 c u r 1 (m, cis 
CH =CH ); ir (CHCI3) 1615 cm' 1 (w, C = C  stretch); uv max (95% 
EtOH) 218 nm (e 17,200), 223 (16,700)] were isolated from reac
tion mixtures and identified by elemental analyses, as well as by 
comparison of melting points and pmr spectra with literature 
data.9

2,4,5,6,7-Pentamethylindene (5) was isolated from expt 3 and 
8 and recrystallized from MeOH: mp 127-128° (picrate, dark red 
needles from EtOH, mp 145-146° dec); pmr (CC14) 5 2.08, 2.14, 
and 2.22 (3 overlapping s, 15, 5 CH3), 3.05 (broadened s, 2, CH2 
at C-l), 6.52 (m, 1, H-3); pmr (CDCI3) 5 2.13, 2.23, and 2.30 (3 s,
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15), 3.19 (broadened s, 2), 6.60 (m, 1); ir (CS2) 1395 (m), 905 (m), 
828 cm 1 (m); ir (CHCI3) 2950 (s), 1620 (m, 0 = C  stretching), 
1451 cm- 1 (s); uv max (95% EtOH) 220 nm (c 20,900), 225 
(21,700).

Anal. Calcd for Ci4H18: C, 90.26; H, 9.74. Found: C, 90.15; H, 
9.82.

Isolated and synthetic samples (vide infra) of 5 were identical.
Syntheses of Reference Compounds. 2,4,5,6,7-Pentamethyl-

1-indanone (ll).10 A mixture of 11.5 g (0.086 mol) of 1,2,3,4-te- 
tramethylbenzene, 15 g (0.083 mol) of methyl 3-bromoisobutyr- 
ate,11 and 50 g of anhydrous AICI3 was maintained at 135° until 
evolution of hydrogen halide gas ceased (2 hr). The reaction mix
ture was treated with ice-water and extracted with benzene. 
Evaporation of the extract left a solid which was recrystallized 
from MeOH and then stirred and heated (steam bath) with 125 
ml of concentrated H2SO4 for 14 hr. The mixture was poured into 
ice-water and extracted with benzene. Evaporation gave a crude 
solid which was purified by repetitive evaporative distillation at 
130° (0.5 mm) to give 3.7 g (22%) of 11, mp 72-76°, converted to 
needles (mp 85-86°) on recrystallization from MeOH: pmr 
(CDCI3) S 1.31 (d, 3, J  = 7.3 Hz, CH3 at C-2), 2.64 (s, 3, CH3 at 
C-7) superimposed on 1.8-3.5 (m, 12, H-2, 2 H-3, 3 CH3);12 ir 
(CS2) 2980, 2950, 1705 (C = 0 ),13 1328, 1282, 1148 cm "1; ir 
(CHCI3) 1587,1462,1385 c m -1.

Anal. Calcd for C i4H180 : C, 83.12; H, 8.97. Found: C, 82.99; H,
9.04.

2.4.5.6.7- Pentamethyl-l-indanol (12). To a stirred, cold (0°) 
suspension of 0.5 g of LiAlH4 in 90 ml of ether was added drop- 
wise a solution of 2 g of 11 in 10 ml of ether. After further stirring 
(2 hr), the cold mixture was treated with aqueous NH4C1 and ex
tracted with ether. Evaporation of solvent and recrystallization of 
the residue from MeOH gave 0.7 g (35%) of 12 as white prisms: 
mp 130-131°; pmr (CC14) 5 1.02 (d, 3, J = 7 Hz, CH3 at C-2), 1.5-
3.4 (m, 16, H-l, H-2, 2 H-3, 4 CH3),14 4.6 (broad signal, 1, OH); ir 
(CS2) 2970, 2940 cm- »; ir (CHC13) 3625 (OH), 1464, 1387 c m 1.

Anal. Calcd for C14H20O: C, 82.30; H, 9.87. Found: C, 82.03; H, 
9.58.

2.4.5.6.7- Pentamethylindene (5). An intimate mixture of 0.3 g 
of carbinol 12 and 3 g of alumina was heated at 150° (1 atm) for 2 
hr and then evaporatively distilled (150°, 0.6 mm) to give 0.14 g 
(51%) of crystalline 5. Recrystallization from MeOH gave a sam

ple which was identical with that isolated from catalytic reaction 
(vide supra).
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Dialkyl oxalates can be prepared in good yields by oxidative carbonylation in the presence of alcohols and 
dehydrating agents using a palladium redox system and oxygen. The other product, water, is removed by the 
dehydrating agent. If the dehydrating agent is not effective, then large amounts of carbon dioxide are made and 
no oxalates are found. At low carbon monoxide pressure increased amounts of dialkyl carbonate are also found. 
Of the various cocatalysts tried, a cupric chloride-cuprous chloride system was found to be the most selective.

Dialkyl oxalates can be prepared in good yields by oxi
dative carbonylation1 in the presence of alcohol and dehy
drating agents using a palladium redox system according 
to eq 1 and 2.

2 CO +  2ROH +  ' /A  —  RO,CCO,R +  H,0 (1)
H20  +  (RO):,CH —  2ROH +  HCOJR (2)

The dehydrating agent is necessary; otherwise large 
amounts of carbon dioxide are produced and no oxalates 
are found. The palladium redox system is somewhat simi
lar to the one used in acetaldehyde synthesis,2 but opti
mum results are achieved by restricting the amounts of 
chloride ion. In addition, carbonates are produced by 
much the same chemistry.

Results
The major products of the reaction are oxalates and 

carbonates, but, in addition, there are also produced 
under some conditions significant amounts of carbon diox
ide and esters arising from solvent attack. Under acidic 
conditions some alkyl halides and ethers are also pro
duced. Table I shows some of the results concerning the 
synthesis of diethyl oxalate using two of the three useful 
cocatalysts, iron and copper halides. An example of the 
third cocatalyst type, the quinones, is shown in the Ex
perimental Section.

A comparison of runs 1 and 3 shows that although ferric 
chloride gives much the better ratio of oxalate to carbon
ate than does cupric chloride, ferric chloride causes the
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Table I
Synthesis of Diethyl Oxalate

Run Cocatalyst0

M illi
moles o f  

cocatalyst

Initial pressure 
o f  carbon 

monoxide, psig

M ol %  yield, 
carbonate plus 

oxalate to 
total yield

Oxalate to 
carbonate

Oxalate plus 
carbonate to CO 2

Oxalate plus 
carbonate to acetate

l F eC l3 62 1000 31 2 .5 5 .7 0 .4 9
2 F e d a 62 1000 23 0.27 0 .40 1 .1

LiCl 71
3 CuCl2 37 1000 81 1 .4 5 .6 18
4 CuCl2 37 1000 31 0.44 2 .3 0 .5 7

LiCl 118
5 CuCl2 36 500 72 0.14 5 .0 5 .3

LiCl 118
6 FeCl2 47 1000 35' 2 .6 0 .55

HC1 28
7 F eC l2 62 1000 37 0.41 4 .5 0 .6 6

LiC l 62
8 F ed a 62 1000 30 1 .4 1 .2 0 .6 4

N aOAc 74
9 CuCl2 35 1000 92 ' 1 .4 12

C u (O A c)2 30
10 CuCl2 35 1000 93 ' 2 .4 >40

Cu2Cl2 50
11 F ed a 22 1000 35 ' 0 .53 0 .5 4

P dC l2 17

to CuCl2 35 500 0.52
CU2CI2 30

136 CuCl2 35 1000 1 .3
CU2CI2 30

° W ith  6 mmol o f  P dC l2 (except where noted), 200 ml o f absolute ethanol, and 200 ml o f triethyl orthoform ate in a stirred
0.5-gal autoclave and oxygen addition in 10-20-psig increments until a total o f  150-500 psig had been added, temperature 
125°. b Using methanol and trimethyl orthoformate instead o f ethanol and triethyl orthoformate. '  Carbon dioxide yield not 
included.

production of large amounts of ethyl acetate. The produc
tion of ethyl acetate is quite severe for all of the iron runs 
and is consistent with the fact that the iron halides, inde
pendent of palladium, are known to oxidize ethanol to ac
etaldehyde and finally to ethyl acetate.3 The effect of ad
ditional chloride can be seen in runs 2 and 4. The addition 
of chloride decreases the ratio of oxalate to carbonate for 
both iron and copper and decreases the ratio of oxalate 
plus carbonate to carbon dioxide. Also the attack on sol
vent in run 4 is severe. The effect of acids and bases can 
be seen in runs 6-9. Run 6 might be expected to give simi
lar results to run 1 as long as the oxidation of FeC^ is rea
sonably complete, according to eq 3, and such was found

2FeCl, +  2HC1 +  ' /A  — ► 2 FeCl3 +  H,0 (3)

to be the case. In run 7 the effect of base is seen. To the 
extent that eq 3 proceeds to the right then in this case an 
equivalent of base is produced. Since the results of this 
experiment are not as satisfactory as compared to run 1, 
then the presence of base must be deleterious. This is fur
ther seen in run 8, where NaOAc (which is not as strong a 
base as lithium ethoxide) also brings the oxalate to car
bonate ratio down. The presence of copper acetate in run 
9 creates two effects. It removes excess chloride, which is 
indicated in run 10 to be highly beneficial, but it also in
creases the amount of base which is detrimental. Run 10 
shows that the addition of cuprous chloride is highly ben
eficial. No attack on solvent was discernible. The actual 
concentration of cuprous chloride is unknown, since cu
prous chloride is somewhat insoluble. Run 11 shows that 
most of the palladium is not in the oxidized form because 
the liberated chloride makes run 11 more like run 2 rather 
than like run 1.

Table I shows the effects of increasing the carbon mon
oxide pressure from 500 to 1000 psig (runs 4, 5, 12, 13). In 
both sets there is a significant increase in the oxalate-car
bonate ratio. On the other hand, an increase in the pres

sure of carbon monoxide leads to higher rates of produc
tion of carbon dioxide and ethyl acetate.

If oxygen is not used then water is not formed and it is 
not necessary to use dehydrating agents. Such is the case 
where benzoquinone alone is used as the oxidant, as 
shown in the Experimental Section, although orthofor
mates are beneficial.

Discussion
Although the equations for the regeneration reactions 

for the catalyst system4 are frequently described (for cop
per) as in eq 4 and 5, it may be that these reactions do

Pd° +  2CuCL — -  Cu,Cl, +  PdCl2 (4)

C u A  +  2HC1 +  ‘/ A  — *  2CuCl, +  H,0 (5)

not occur in discrete steps. If the reactions were discrete 
steps, then the liberation of water according to eq 5 would 
occur independently of palladium so that at least some of 
the time palladium (H) might be expected to react as if no 
water was present. However, it was already seen that or
thoformates are necessary for oxalate production, though 
even in the presence of orthoformates some carbon dioxide 
is obtained. It was therefore concluded that the water 
molecule is an important ligand coordinated to palladium. 
This conclusion is consistent with the fact that water was 
shown to have a pronounced influence in the oxidation of 
olefins to succinates5 as illustrated in eq 6.

2ROH +  2CO +  ^ C = C ( ^  +  'AO-, —  R02C— C— C— C02R +

H20  (6)

Since either iron or copper halides or quinones are nec
essary for sustained reaction, it is concluded that these 
materials complex to palladium. Therefore the following 
complex, I, is postulated as the reduced species (for cop
per) and the following reactions illustrate its oxidation.
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/ C l ^  /C l ^  / H  o2> <  x  > :  x
( A  ^ < A  C\ A

HO.
;P d '

,Ck
; c u ;

X k ,Ck
'C u ' 'P d '

I X  'C l "  ' A  X l  A

X H  2(RO)3CH

II
H,0 ^  / C X  / A  / A  /  

^Pd. ^Cu > <  Pd.^ 
[(RO)äCH] c X  ^ A  ^ A

OH, 2CO

' c r
hi
X k

[HC(OR)3] 2R0h

ROH^ X X  /C L  /C L  .ROH
> d C  > C  X  > <  (7)

o = c X  A K  A i  X X  A = o
x

The oxygen atoms can be transferred by epoxide-type 
bridges between metal atoms or possibly by hypohalite 
exchanges, although hypohalite-type oxidation products 
are found only when quite high concentrations of copper 
are used.6 The need for two palladium atoms in complex I 
is deduced from the fact that if only one was present, then 
two molecules of water (from O2) would eventually come 
from a single palladium, which demands that the second 
palladium would not have an initial water ligand, so that 
some oxalate and carbonate should be formed in the ab
sence of dehydrating agent. Two cuprous chlorides are 
used because in that way the addition or subtraction of 
halide ion as the complexes are oxidized and reduced is 
not necessary. It is postulated that there is an equilibrium 
between complexes having water in its dissociated form, 
II, and water in its undissociated form, III. It is proposed 
that the next advantageous step is the removal of the 
water ligand from the palladium. If this water is not re
moved then carbon dioxide is a likely product. Since the 
trialkyl orthoformate, under the conditions listed in Table 
I, is the only agent capable of water removal, then other 
ligands which compete favorably with the orthoformate 
should be kept to minimums. From Table I, it is seen that- 
excess chloride ion increases the fraction of carbon dioxide 
synthesis. Also, from Table I, it can be seen that while in
creasing the carbon monoxide pressure from 500 to 1000 
psig increased the oxalate to carbonate ratio it also in
creases the fraction of carbon dioxide made. Therefore 
carbon monoxide also impedes the formation of palla- 
dium orthoformate bonds.

The orthoformate ligand can then react with the water 
ligand to give alcohol and alkyl formate. The question 
then arises as to whether it is the oxidation of two alkyl 
formates to dialkyl oxalates that is occurring instead of, or 
in addition to, the oxidation of carbon monoxide to oxa
lates. To answer this question methyl formate with tri
methyl orthoformate was heated with palladium chloride 
using benzoquinone as a cooxidant in a closed system. 
Neither carbonate nor oxalate was found. In addition ben
zyl formate under oxidizing conditions in an open system 
was not consumed and benzoquinone was recovered un
reacted. Also neither tributyl orthoformate nor trimethyl 
orthoformate gave carbonates or oxalates under oxidizing 
conditions.

It is seen from Table I that cuprous chloride is highly 
beneficial and that most of the palladium is not in the 
Pd(II) oxidation state. All of these facts are consistent 
with the proposal that I is the main form of the redox sys
tem during oxalate synthesis. The same type of a complex 
can be written for ferrous chloride in place of cuprous if 
the additional two chlorides are both placed on the same 
side of the otherwise planar ring systems. The oxygen can 
then migrate on the opposite side.

Proposed Mechanism of Oxalate Formation. Several 
palladium carbonyl complexes are known, including one

containing two coordinated carbonyl ligands. Also palladi
um carboalkoxyl complexes are known.7 Starting with 
complex IV it is envisioned that a carboalkoxyl ligand is 
formed, according to eq 8.
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Any negative charge generated on palladium can also be 
expected to be stabilized by the attached copper ligands 
through the chloride bridges to the copper atoms. It is 
also possible that the hydrogen may occupy an intermedi
ate site, e.g., V. The attack of another alcohol molecule 
then triggers the production of oxalates.
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(9)

The reactions were carried out in either stainless steel or titani
um autoclaves. The steel autoclaves sometimes exhibited exces
sive corrosion, particularly when excess halide ion was used. 
However, corrosion was much reduced when halide acceptors were 
used, such as cuprous chloride. Titanium parts are not advised 
since under anhydrous conditions with oxygen, titanium was 
shown to react, -sometimes explosively, particularly in the oxygen 
inlet line, to give, at least in some cases, titanium tetraalkoxides. 
Teflon parts were found to be highly advantageous. The catalyst 
system and liquids were charged to the autoclave and carbon 
monoxide was added to the desired pressure. Stirring was com
menced and the autoclave was heated to the desired temperature. 
Oxygen was then added (controlled from behind a suitable barri
cade) in 10-20-psig increments. In almost all cases an immediate 
exotherm was noted and cooling water was circulated to bring the 
temperature under control. Pressure drops were noted. Oxygen 
was added until 150-500 psig had been added or until the reaction 
slowed down. In those cases where no noticeable reaction oc
curred, no more than 40 psig oxygen was added. After oxygen ad
dition the autoclave was cooled to room temperature and the 
gases were collected and analyzed by gas chromatography. The 
liquid was weighed and analyzed by gas chromatography and oc
casionally by distillation.

Oxalate Synthesis Using Benzoquinone as Sole Oxidant. A. 
With Triethyl Orthoformate. To 30 g of benzoquinone, 0.5 g of 
palladium chloride, 100 ml of ethanol, and 20 ml of triethyl ortho- 
formate in a 300-ml capacity titanium bomb was added carbon 
monoxide to 1000 psig. The mixture was rocked and heated to 
125° for 4 hr. The final pressure was 500 psig. The liquid product 
(94 g) contained 8.4 wt % ethyl carbonate and 1.49 wt % ethyl ox
alate, or a mole ratio of oxalate to carbonate of 1.4.

B. With Triethyl Orthoacetate. To 20 g of benzoquinone, 0,5 g 
of palladium chloride, 70 ml of anhydrous ethanol, and 30 ml of 
triethyl orthoacetate in a 300-ml capacity stainless steel bomb 
was added carbon monoxide to 800 psig. The mixture was rocked 
and heated to 125° for 4 hr. The liquid product (75 g) contained 
0.5 wt % diethyl carbonate and 1.9 wt % diethyl oxalate. No ethyl 
formate was noted.

C. No Drying Agent. To 20 g of benzoquinone, 70 ml of anhy
drous ethanol, and 0.5 g of palladium chloride in a 300-ml capaci
ty stainless steel bomb was added carbon monoxide to 800 psig. 
The mixture was rocked and heated to 125° for 4 hr. The liquid 
product (55 g) contained 1.1 wt % diethyl carbonate and 1.2 wt % 
diethyl oxalate. No ethyl formate was noted.

Registry No.—Diethyl oxalate, 95-92-1; FeCU, 7705-08-0; LiCl, 
7447-41.8; CuCl2, 7447-39-4; FeCls, 7758-94-3; HC1, 7647-01-0;
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NaOAc, 127-09-3; Cu(OAc)2, 142-71-2; Cu2Cl2, 12258-96-7; PdCl2, 
7647-10-1.
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The equilibrium point for the isomerization of the 5a- and 5/3-cholestan-4-ones has been redetermined to be 
87 ± 1% 5a in ethanol at 25°, and earlier conflicting reports have been resolved. For the model 10-methyl-l-dec- 
alone system, the trans isomer is reported to be slightly favored at equilibrium, while, for the 9-methyl-l-dec- 
alone system, the cis isomer is favored. All of these results are well reproduced by a molecular mechanics cal
culation, and are discussed.

Twenty years ago Turner3 was able to account quite 
well for the observed energy difference between cis- and 
trans-decalin, and to predict an energy difference between 
cis- and trans-9-methyldecalin (later verified experimen
tally4’5) in terms of the number of “ gauche-butane” -like 
interactions in each isomer. The conformational analysis 
of decalone systems has presented a greater challenge, as 
numerous interactions between the carbonyl moiety and 
the rest of molecule have to be allowed for, including 
changes in the ring geometry due to the introduction of a 
carbonyl group. Early vector analysis calculations by 
Corey and Sneen6 showed that these changes were likely 
to be important.

Klyne7 sought to provide a systematic analysis of the 
interactions involved in decalone systems in terms of 
“ alkyl ketone effects.”  His predictions concerning the con
formational energies of 2-decalone systems have been 
borne out by experiments and recent force-field calcula
tions.8 In 1-decalone systems (1-9) he was able to account 
for the observed9 stability of trans- 1-decalone (1) as com
pared to cis- 1-decalone (2, 3), and for the excess10 of cis- 
(5, 6) over trans-9-methyl-1-decalone (4) at equilibrium. 
However, he calculated the cts-(a)-10-methyl-l-decalone 
conformer (9) to be of lower energy than trans-10-methyl-
1-decalone (7), while the trans isomer is found experimen
tally to be the more stable. Since that time several equili
bration studies have been carried out on 1-decalone sys
tems11-16 and steroidal analogs.17-26 Conformational pref
erences have been deduced from ORD27 and nmr28 data, 
and these results have been discussed in terms of alkyl 
ketone effects.29 Difficulties have persisted, particularly 
in reconciling the results reported for 1-decalone with 
those for steroidal analogs.

H H

The advent of high-speed computers has permitted the 
application of molecular mechanics (or force-field) calcu
lation methods to conformational problems. This ap
proach explicitly allows for the relief of steric strain by

distortion, and permits quantitative analysis of complex 
systems. In earlier papers in this series the method has 
been developed and applied to hydrocarbons,30 ke
tones,31’32 and other types of structures. The force field 
used for the present work differs only trivially from that 
described earlier.32 An initial study of the 10-methyl-l- 
decalone system (7, 8, 9) by this method31 showed that 
the. observed AG° trans -_± cis of ~0.2 kcal14-16 could be 
accounted for.

In an earlier paper in this series17 on the cis — trans 
equilibria of cholestan-6-ones (10, 11) and cholestan-4-

ones (12, 13), experimental free-energy differences of 1.2 
and 2.1 kcal, respectively, were reported. These values 
stand in marked contrast to the small A G° found in the 
10-methyl-1-decalone system (above), and the reported 
preponderance of the cis epimer of 9-methyl-l-decalone at 
equilibrium.10 The cholestan-4-one equilibrium (12, 13) 
can be considered to provide an experimental definition of
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Table I
Heats and Free Energies of Isomerization (kcal/mol) for 1-Decalones“

Registry no. Compd, conformer
,-------- A T f ° A/-vo __x

R efCalcd Exptl Calcd i Exptl

493-02-7 irans-Decalin 0.0
493-01-6 cts-Decalin 2.77 2.72 ±  0.20»

21370-71-8 trans-1-Decalone (1) 0.0 0.0 0.0 38
32166-40-8 c/s-l-Decalone (2) 1.97 1.85 (298)* 1.30“ 12

ci's-l-Decalone (3) 2.87 1.77 (383) 1.15 (383) 13
1.64 (493) 2.89 (493) 9
1.61^(523) 2.30

3.10 (523) 11
2547-27-5 irans-9-M ethyldecalin 0.0 0.0 0.0
2547-26-4 cis-9-Methyldecalin 0.51 0.55 ±  0.28 5

1.39 ±  0.64t 4
937-99-5 trans-9-Methyl-l-decalone (4) 0.0 0.0 0.0
937-98-4 cis-9-Methyl-l-decalone (5) 0.13 -0 .1 1  (298)

cis-9-Methyl-1-decalone (6) 0.53 -0 .4 1  (523) -0 .3 7  (623) 10
937-77-9 trans-10-Methyl-1-decalone (7) 0.0 0.0 0.0
770-62-7 ciS-10-Methyl-l -decalone (8) 0 ,78b 0.42 (298) 0.21 (298) 15

cis-10-Methyl-l-decalone (9) 0.89 0.21
0.10 (298) 14

0.35 (350) 0.50 (350) 16
438-22-2 5a-Androstane 0.0
438-23-3 5/5-Androstane 0.84 0.89 ±  0.45 40
566-51-8 5a-Cholestan-4-one (12) 0.0 0.0 0.0

6105-15-3 5jS-Cholestan-4-one (13) 0.903 1.10
1.20 (298)

570-46-7 5a-Cholestan-6-one (10) 0.0 0.0 0.0 17, 24
13713-79-6 5|8-Cholestan-6-one (11) 1 ,05J 1.16

1.25 (298)» 25
1.12 (353) 24
0.98
0.99 (373) 24
1.05
1.08 (503) 24

“ In converting AH ° figures to AG° terms symmetry numbers and optical activity effects are the same for all the bycyclic 
1-decalone systesms (1-9). If a calculated AG° is not given, it is identical with the calculated AH° value. The calculated values 
for AH ° are for individual conformations, while the AG° values are for the actual compounds, usually conformational mix
tures. 6 Cf. 0.37 kcal (8), 0.70 kcal (9): ref 31. c A  gas-phase AH°iaom of 3.17 kcal has been reported: ref 39. d Calculated values 
are for the androstanones (14-17). e Temperature not stated. 1 Heat of combustion data. » A AG° value of 1.06-1.13 is

roids,26 in the absence of oxygen functionality in the side 
chain in either case it seemed unlikely25 that this could 
account for the discrepancy. More recently, Robinson and 
Milewich19 reported that an equilibration of cholestan-4- 
ones in refluxing methanol gave a mixture of 83% 5a- (12) 
and 17% 5/3-cholestan-4-one (13) by tic analysis, but de
tails were sketchy.

A possible explanation for the contradictory reports in 
the steroid work was that the substance previously consid
ered17 to be 5a-cholestan-4-one was in fact a near-equilib
rium mixture of the 5a and 5/3 isomers. It was decided, 
therefore, to prepare a sample of the compound by meth
ods that would assure stereochemical purity, and re
measure the equilibrium.

In the previous equilibration study,17 the sample of 5a- 
cholestan-4-one used was prepared from cholest-4-ene by a 
sequence of hydroboration, oxidation of the crude product 
with acetic acid-chromium trioxide, and chromatography 
on alumina. As 5/3-cholestan-4-one was reported to epim- 
erize on basic alumina, the possibility existed that cocrys
tallization of the 5a and 5/5 epimers had occurred, even 
though the sample was nicely crystalline, and the melting 
point behavior was judged to be satisfactory at the time. 
Pure samples of the cholestan-4-ones were therefore pre
pared, and the equilibrium was restudied.

Discussion
Cholest-4-ene was prepared from cholesterol by stan

dard methods.34’35 Hydroboration afforded a mixture of 
the epimeric 4 alcohols (72%). The mixture was partially

quoted for androstan-6-one in ref 25. h Temperature in °K.

an “ n-butanal effect” 33 when compared to the hydrocar
bon. In this case the 3-alkyl ketone and 2-alkyl ketone ef
fects7 are the same for the cis and trans isomers. The high 
value of AG° (trans cis) found for cholestan-4-one was 
thus rationalized in terms of an n-butanal interaction of
0.88 kcal between the 4-ketone oxygen atom and the 7a 
hydrogen.17 This figure was revised upward to 0.8-1.4 
kcal/mol by Robinson.33 Initial force-field calculations31 
on the cis-(e)-10-methyl-l-decalone (8) (“ steroid” in the 
paper) structure failed to bear out this suggestion. The 
discrepancy between the equilibria of the steroid systems 
(10-13) and the 10-methyl-l-decalones (7-9), if 5/3-choles- 
tan-6-one (11) were taken to be a model for the low-energy 
cis conformer, has also remained to be accounted for.

Inspection of the literature since the reported equilibra
tion of the cholestan-4-ones (12, 13) to a mixture contain
ing over 99% of the trans isomer reveals two reports at 
variance with this. Gutzwiller and Djerassi18 report an 
equilibrium mixture containing ~  90% of the trans isomer 
for the androstan-4-ones (14, 15). Although large effects 
on the cis-trans equilibrium due to changes in the 17 sub
stituent have been reported for ring A hydroxy-6-keto ste-
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Table II
Optical Rotation Data for Pure Compounds“ *

s.d.
Sample Wavelength [a] n m (est)

5 a-Cholestan-4-one 307.5 -809 .0 5 21 3.7
(A)

267.0 1664.2 5 21 4.3
Amplitude 2473.2 4.0

5a-Cholestan-4-one 307.5 -813 .8 1 8 0.4
(B)

267.0 1668.7 1 8 1.4
Amplitude 2482.5 1.0

Mean values 307.5 -811 .4 2.6
267.0 1666.5 3.2
Amplitude 2478.4 2.9

5/3-Cholestan-4-one 307.5 +  352.6 3 11 6.6
267.0 +  256.5 3 11 8.5
Amplitude -9 6 .1

“ n = number of separately weighed samples; m
number of ORD measurements; s.d. (est) = upper esti
mates of the variance in the mean rotations arising from the 
variance of the individual measurements. b See ref 42.

separated by column chromatography on alumina and 
fractional crystallization to give the known 5a-cholestan- 
4a-ol (27%) and a mixture of 5a-cholestan-4a-ol and 5/3- 
cholestan-4/3-ol (73%) as previously reported by Jones,20 et 
al. Oxidation of -5a-cholestan-4a-ol under Jones conditions 
afforded 5a-cholestan-4-one. 5/3-Cholestan-4-one was pre
pared both by fractional crystallization of the product of 
Jones oxidation of the mixed alcohols20 and by BF3-cata- 
lyzed rearrangement of 5a-cholestane 4a,5-epoxide.36 The 
possibility that the 5a-cholestan-4-one might undergo ep- 
imerization under Jones oxidation conditions was ruled 
out by the observation that Jones oxidation of the mixed 
5/3-cholestan-4-ols from lithium aluminum hydride reduc
tion of 5/3-cholestan-4-one led to regeneration of the 5/3-4 
ketone. The two independent preparations of 5/3-choles- 
tan-4-one provide some assurance of the purity of the 
compound. The 5a- and 5/3-4 ketones could be readily sep
arated on tic, and the samples used in the equilibration 
study were free from impurities by this criterion. The

physical properties of the ketones are in accordance with 
previous reports. In particular the ORD curves reported 
here (Experimental Section) agree quite well with the 
data reported by Djerassi37 for these compounds, devia
tions being generally in the sense of a greater magnitude 
of rotation.

An attempt to study the equilibrium by vpc was foiled 
by the facility of thermal isomerization24 at the tempera
tures required for vpc (about 220°). However, the vpc 
study failed to reveal any components other than the ep- 
imeric cholestan-4-ones. Equilibrium was approached 
from both sides using acid and base catalysis at 25°, and 
the equilibrium mixtures were analyzed by ORD.24 The 
mean rotations at 307.5 and 267 nm and the amplitude of 
the Cotton effect in each case are listed in Table II and III 
for the pure compounds and the equilibrium mixtures.

The equilibrium mixture of cholestan-4-ones (12, 13) 
was estimated to consist of 87.4% (84.9-91.1%) 5a- (12) 
and 12.6% (8.9-15.1%) 5/3-cholestan-4-one (13) (in ethanol 
at 25°). This agrees well with the reports of Djerassi18 and 
Robinson19 and also with the previously reported17-24’25 
result for the 6 ketone. It seems clear now that the sample 
of 5a-cholestan-4-one used in the earlier ORD measure
ments17 was in fact an equilibrium mixture.

With this experimental discrepancy resolved we can 
now turn to the force-field calculations. Minimum energy 
all-chair conformations and their corresponding energies 
have been calculated for the 1-decalone structures (1-9) 
and the androstan-4-one (14, 15) and androstan-6-one (16,
17) structures as models of the cholestanone systems (10-
13). This process has also been carried out for the parent 
hydrocarbons for comparison purposes. The calculated en
ergy differences are found to be in reasonable agreement 
with the available experimental data in all cases. (See 
Table I).

The question of the high percentage of the cis isomer in 
the equilibrium mixtures of the bicyclic 1-decalone com
pounds (1-9) compared with the steroidal analogs (10-17) 
is now largely resolved by noting that there are two differ
ent low-energy cis conformers, cis equatorial (2) and cis 
axial (3), accessible in each of the bicyclic cis-l-decalone

Table III
Optical Rotation Data For Equilibrium Mixtures

Sample, reagent W ave'ength [«] n Ttl s.d. (est) E at %  5/5 C a

5a-Cholestan-4-one (A)
Base 307.5 -658 .8 2 16 5.1 13.1 ±  0.5* 1.04

267.0 1453.8 6.7 15.1 ± 0 . 5
Amplitude 2112.5 8.4 14.2 ± 0 . 3

Acid 307.5 -654 .8 3 24 3.6 13.5 ± 0 . 4 1.02
267.0 1464.3 5.7 14.3 ± 0 . 4
Amplitude 2119.1 5.9 14.0 ± 0 . 2

5a-Cholestan-4-one (B)
Base 307.5 -672 .9 2 16 5.1 11.9 ±  0.5 1.01

267.0 1489.0 2 12 7.0 12.6 ± 0 . 5
Amplitude 2162.3 2 12 8.6 12.3 ± 0 . 3

Acid 307.5 -682 .2 1 4 7.6 11.1 ±  0.7 0.96
267.0 1540.5 1 4 9.4 8.9 ± 0 . 7
Amplitude 2222.7 1 4 12.1 9.9 ± 0 . 5

5/3-Cholestan-4-one
Base 307.5 -662 .4 3 16 5.7 12.8 ± 0 . 5 1.03

267.0 1467.0 13.7 14.1 ± 1 . 0
Amplitude 2129.4 14.6 13.6 ± 0 . 6

Acid 307.5 -671 .4 3 20 4.5 12.0 ± 0 . 4 0.98
267.0 1507.9 14.1 11.2 ± 1 .0
Amplitude 2179.3 14.3 11.6 ± 0 .6

Mean values 307.5 12.4 ± 0 . 5
267.0 12.7 ± 0 . 9
Amplitude 12.6 ± 0 . 7

“ C = volumetric correction factor necessary if observed rotations were due to a mixture of pure 5 a -  and 5/3-cholestan-4- 
one. b Estimated standard deviation in the estimated percentage of 5/3-cholestan-4-one arising from variance in rotations.
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systems (2, 3; 5, 6; 8, 9) and only one in each of the ste
roid cases (11, 13, 15, 17). The recent report by House41 
that the equilibrium mixture of cis- and trans-la-tert- 
butyl-l-decalone contains only about 5% of the cis com
pound is in keeping with this interpretation, as only one 
low-energy cis conformer is accessible in this system. This 
statistical effect is sufficient to result in an excess of cis-
9-methyl-l-decalone (5, 6) in the calculated equilibrium 
mixture at room temperature, despite the slightly lower 
steric energy for the trans isomer 4 (in contrast to Klyne’s 
early prediction7).

Very little experimental information is available on the 
conformational preferences of the cis-l-decalone systems. 
Djerassi has concluded from ORD data27 that the cis axial 
conformer (9) is favored in cts-10-methyl-l-decalone, and 
the cis equatorial conformer is favored in both cis-l-decal- 
one (2) and cis-9-methyl-l-decalone (5). Guy and Winter- 
nitz28 have adduced nmr data to support the latter con
clusion. The calculations predict the cis equatorial confor
mer to be favored in each case (2, 5, 8), but for the angu
lar methyl compounds the energy difference is slight, and 
substantial amounts of each conformer are predicted at 
room temperature.

Zalkow,43 et al, have shown that ketal formation in 
steroid 3 ketones can be quantitative in anhydrous acidic 
alcohol solutions. Ketal formation was found to be less ex
tensive in ethanol than in methanol, to be significantly 
decreased by an equatorial alkyl substituent adjacent to 
the ketone, and to be very sensitive to added water. In 
95% ethanol-water the extent of ketal formation under 
acid-catalyzed equilibration conditions should be less 
than 0.5%. Precautions were taken against condensation 
and oxidation side reactions under basic equilibration 
conditions.

The rotations listed in Tables II and III are the mean 
values for several sets of measurements as indicated, and 
the standard deviations quoted are (upper) estimates of 
the standard deviation in the mean arising from the vari
ance in and between the individual measurements. Some 
of the values differ by large amounts compared to the es
timated standard deviations, so that systematic errors 
cannot be completely ruled out. However, varying the 
time for equilibration showed no effects attributable to 
side reactions, and the two samples of 5a-cholestan-4-one 
which gave slightly different equilibration results gave 
ORD curves which were identical within experimental 
limits.

Estimated equilibrium compositions are listed in Table 
III in terms of the percentage of 5/?-cholestan-4-one, for 
the different samples and reaction conditions. Analysis of 
the errors showed that to a first approximation propor
tional errors were large compared to constant errors in the 
rotations. Thus the determination at 307.5 nm is inher
ently more accurate, as the rotation change is the greatest 
at this wavelength.

Conclusions
The present work removes the previous inconsistencies 

concerning the stabilities of 1-decalone ring systems, and 
is in agreement with our earlier conclusion, that force- 
field calculations can give results with accuracy competi
tive with experiment for molecules and properties such as 
discussed here, and any serious difference between calcu
lation and experiment does not necessarily reflect on the 
accuracy of the calculation, but may well be the fault of 
the experiment.

Experimental Section
Melting points were determined with a Fisher-Johnson hot- 

stage apparatus. Optical rotatory dispersions were measured with 
a Cary 60 recording spectropolarimeter.

Cholestan-4-ols.20'44 To a stirred solution of 5 g (13.5 mmol) of 
cholest-4-one35 (prepared from cholest-4-en-3-one34) in 50 ml of 
tetrahydrofuran at 0° was added a solution of diborane (about 25 
mmol) in 25 ml of tetrahydrofuran. The reaction mixture was 
stirred at room temperature for 1 hr. Excess reagent was 
quenched by the addition of 2 ml of water; then 3 ml of 3 A  aque
ous NaOH was added, followed by 20 ml (233 mmol) of 30% hy
drogen peroxide. The mixture was stirred at room temperature for 
2 hr and extracted with ether. The ether extract was washed with 
water, acidified aqueous potassium iodide solution, aqueous sodi
um thiosulfate solution, dilute aqueous sodium bicarbonate solu
tion, water, and saturated aqueous NaCl, and dried (NazSO«). 
The solvent was evaporated under reduced pressure. Column 
chromatography of the residue on neutral alumina (activity IV) 
followed by fractional crystallization from methanol-ether yielded
1.0 g (21.3%) of 5a-cholestan-4a-ol, mp 188-189°, [a]26n +4.4 +
0.2° (e 0.959, CHC13) (lit.44 mp 187-188°, [a]n +3°). The remain
ing material (2.7 g) was a mixture of 5a-cholestan-4a-ol and an
other component, presumably20 5/3-cholestan-4/3-ol (51.4%) by tic 
and vpc.

5«-Cholestan-4-one. To a stirred solution of 1.02 g (2.6 mmol) 
of 5ff-cholestan-4o;-ol in 50 ml of acetone (Baker Analyzed) at 
room temperature, 8 M  chromic acid was added dropwise until a 
permanent red color appeared. The mixture was stirred for 10 
min, and the reaction was quenched with saturated aqueous sodi
um metabisulfate solution. The mixture was added to 200 ml of 
water and extracted twice with ether. The ether extracts were 
washed with water, dilute aqueous sodium bicarbonate solution, 
again with water, and saturated aqueous NaCl, and dried 
(Na2SC>4). The solvent was evaporated under reduced pressure 
and the residue was combined and crystallized from methanol- 
ether to yield 0.60 g (59%) of 5«-cholestan-4-one: mp 98-100° 
(lit.45 mp 99-99.5°); ORD (95% C2H5OH) [0)207 +1664° (max), 
[0 )307.5 809° (min) [lit.46 ORD [a]267.5 +1650° (max), [0)307.5 
-780° (min)].

5/3-Cholestan-4-one. To a stirred solution of 1.2 g (3.1 mmol) of 
mixed cholestan-4-ols (predominantly 5/3~cholestan-4/3-ol by tic 
and vpc) in 50 ml of acetone (Baker Analyzed) at room tempera
ture, 8 M  chromic acid was added dropwise until a permanent 
red color appeared. The mixture was stirred for 10 min, and the 
reaction was quenched with saturated aqueous sodium metabisul
fite solution. The mixture was added to 200 ml of water and ex
tracted twice with ether. The ether extracts were washed with 
water, dilute aqueous sodium bicarbonate solution, with water 
again, and with saturated NaCl solution, and dried (Na2SO<i). 
The solvent was evaporated under reduced pressure and the com
bined residues were crystallized from methanol-ether, yielding
0.65 g (54%) of 5/3-cholestan-4-one: mp 110-111° (lit.37 mp 111— 
112°); ORD (95% C2H5OH) [a]309 +350.9° (max), [a]3ot +344.2° 
(min), H 299 +360.3°, H 275 +233.4° [lit.37 ORD [a]300 +318° 
(max), [¿7)277.5 +240° (min)].

5/?-Cholestan-4-one.36 To a solution of 5a-cholestane 4a,5-ep
oxide (210 mg, 0.543 mmol) in dry benzene (30 ml) at room tem
perature was added BF3-E t20  (0.375 ml, 325 mg, 2.29 mmol, dis
tilled off CaH2). The reaction was quenched after 50 sec by the 
addition of aqueous Na2C0 3. The crude product, isolated with 
ether, was crystallized repeatedly from methanol-ether to give 
5/3-cholestan-4-one (66 mg, 0.171 mmol, 31%) as needles, mp and 
mmp 108-109°.

aa-Cholestane 4a,5-Epoxide. To a solution of cholest-4-ene 
(0.25 g, 0.675 mmol) in dry ether (10 ml) at 0° was added a solu
tion of monoperphthalic acid (20 mmol) in ether (10 ml). The 
reaction mixture was allowed to stand at 0° for 4 days and 
quenched with aqueous NaHC03. The ether layer was separated, 
washed with dilute aqueous NaHC03 and water, and dried over 
saturated aqueous NaCl and anhydrous MgSOi- Evaporation of 
the solvent under reduced pressure and repeated crystallization 
from acetone gave 5a-cholestane 4a,5-epoxide (110 mg, 0.285 
mmol, 42%), mp 98-99° (lit.21 mp 100-101°).

A Preliminary Test of the Modified Jones Oxidation Condi
tions. Preparation of 5/3-Cholestan-4-ol and Regeneration of 
5/3-Cholestan-4-one. One gram of 5/3-cholestan-4-one (mp 108°) 
in ether was added dropwise to a slurry of ether and 1 g of 
LiAlHi. The reaction mixture was stirred at room tempera
ture overnight. The excess LiAlHU was destroyed by water 
under a nitrogen atmosphere. Saturated ammonium chloride 
solution was then added, the reaction mixture was filtered, 
and the filtrate was extracted with ether and dried over anhy
drous sodium sulfate. After removal of the ether, the white 
solid residue (0.95 g) showed two spots on thin layer chroma
tography (fit 19, 26 in ethyl acetate), which were interpreted as
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the axial and equatorial alcohols resulting from the LiAlH* re
duction. The infrared spectrum showed hydroxyl stretching but 
no carbonyl stretching. Since both the coprostan-4a-ol and the 
coprostan-4d-ol would yield the same ketone, coprostan-4-one, 
upon oxidation, the alcohol mixture was not separated or purified 
any further.

The crude alcohol mixture (1.4 g, 3.2 mmol) was dissolved in 
300 ml of acetone and oxidized at 19-21° by adding 1.6 ml of 8 N  
chromic acid reagent dropwise during 45 min. The solution was 
allowed to stand for 3 hr, and then was poured into water. The 
precipitate was collected and taken up in CHCI3. The chloroform 
layer was washed and dried, and the solvent was evaporated in 
vacuo. The product was recrystallized from acetone, yield of 1.2 g, 
mp and mmp with authentic sample (mp 108°) 106°.

Equilibration  of the Ketones. Standard solutions of the ke
tones were prepared by use of a Mettler H20 T balance and cali
brated graduated flasks. Solutions were kept in a thermostat at 
25° throughout. The ORD curves for the pure ketones were re
corded for solutions in 95% ethanol (previously distilled off 
NaOEt to remove traces of aldehydes), in a jacketed 1-cm'quartz 
cell at 26.3-26.4°. Solutions of the ketones were made up in the 
same way, except that 0.1 M  KOH in ethanol or about 0.1 M  HC1 
in ethanol were used instead of ethanol. Equilibrations were al
lowed to proceed at 25° under nitrogen. Concentrations were cho
sen to give the greatest possible amplitude on the recording chart 
on the 1° scale (about 60 mg in 10 ml for 5a-cholestan-4-one; 
about 20-30 mg in 10 ml for the less soluble 5/i-cholestan-4-one). 
ORD curves were measured for the equilibrating solution after 3 
hr for the base-catalyzed equilibrations, and after 7 days for the 
acid-catalyzed equilibrations. The amplitude of the Cotton effect 
and the magnitude of the rotation at 267 and 307.5 nm was re
corded in each case, and the percentage of 5/3-cholestan-4-one in 
the equilibrium mixture was calculated in the usual manner.24
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The silver ion assisted methanolysis of 2, 3, and 4 has been studied. Both rates and products are reported. Com
ments are made as to the effect of neighboring sites of unsaturation on relative reactivities. The effect of complexed 
silver ion on reactivity is also discussed.

The chemistry of cyclopropyl systems of the general 
type 1 has been the subject of several recent studies.2“7 
Herein we report on the chemistry of systems of this type,

namely, the silver ion assisted solvolysis of 2, 3, and 4. 
Our immediate goal was to ascertain the reaction path
ways available to systems in which the normal disrotatory
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mode of ring opening is apparently prohibited under sol- 
volytic conditions. We were also interested in the role 
played by neighboring sites of unsaturation, as well as the 
effect of complexed silver ion on the rate of solvolysis of 3 
and 4.

Results
Synthesis of the compounds required for this investiga

tion is outlined in Scheme I. Although the overall yield of 
2 is only 12%, our method of synthesis is much less ardu
ous than previously published procedures.8'9

Scheme I

f P ) T ^ 1  Na HCBra
liqNH,

BV r

¿-BuO“K+

(83%)

j Y '

a :

H2/Rh ] \
7 EtOH-EtOAc /  W  /

3 (17%) 2 (85%)

• m  HcBra4
liqNH, l-BuCTK+

(75%)
&• Br

/ ¡ y — >
i J O

4(35%)
Product studies were carried out by reacting the com

pound in question with an excess of silver ion (AgNOs) in 
methanol until all starting material had been consumed. 
An internal standard was added and the reaction mixture 
was analyzed via gas chromatography. The results ob
tained are contained in Table I.

Compounds 8, 10, 11, and 12 were identified by com
parison of their ir spectra with those of authentic materi
als.11 The structure of 6 was assigned on the basis of spec-
tral data and a correct elemental analysis.6 Structures 5, 
7, and 9 were assigned on the basis of the various chemi-

Table I
Products Obtained in the Silver Ion Assisted 

Solvolysis of 2, 3, and 4
Compd Products

11 (2—5%) 12(2-5%)
“ While these products were not rigorously identified, it is 

believed that they consist of a mixture pi 14 and 15. This is 
based solely on infrared evidence.

cal conversions outlined in Scheme II as well as spectral 
evidence.12® The infrared spectra of both 14 and 15 are 
identical with those of authentic materials.12b

Scheme II

15

Rate studies were carried out in 95% methanol using 
approximately a 20-fold excess of silver ion (AgC104). The 
standard ampoule technique was employed to determine 
pseudo-first-order rate constants (kj) which were then 
converted to second-order rate constants (k2) by dividing 
k1 by the initial silver ion concentration. The results are 
contained in Table II.

Discussion
The majority of products obtained in this investigation 

can be rationalized as arising from a cyclopropyl cation
(16) or a partially opened species (17)13 (see Scheme III).
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Table II
Rate Constants and Activation Parameters of the Silver Ion Assisted Solvolysis of 2, 3, and 4

Compd Tem p, °Cb k, 1. m ol“ 1 min.-1 AH*t kcal m ol“ 1 AS*, eu k™° (rei)

4 90.8 5.03 X 10~3 (±0.01) 30.3 5.7 1
100.6 1.54 X 10"2 (±0.01)
25.0 4.18 X 10“7»

3 28.3 4.09 X 10~2 (±0.18) 18.0 -1 3 .2 7 X IO4
42.7 1.69 X 10“ 1 (±0.05)
25.0 2.90 X 1 0 -2«

2 11.00 3.68 X 10“ 1 (±0.09) 12.9 -2 3 .3 3 X IO6
22.6 9.33 X 10“ 1 (±0.12)
25.0 1.12»

“ This is an extrapolated value. b At least two runs were made at each temperature.

Scheme III

Calculations indicate that in the gas phase these reac
tions are thermodynamically feasible.15-16 In addition we 
have also demonstrated that silver ion and a trace of ni
tric acid in either methanol or diglyme quantitatively 
converts triene 21 to naphthalene (eq 1).

0 0 - 0 0
21

It is puzzling, at first glance, as to why such low yields 
of volatile products are obtained when 4 is solvolyzed. One 
must also offer an explanation for the absence of ketal 22

The origin of the aromatic compounds 10 and 12 finds 
precedence in the experiments reported by Vogel.14 A pos
sible mode of formation is outlined in Scheme IV.

Scheme IV

io + :<X̂
Br

Br

12 +

It is surmised that 8 and 11 arise from a silver ion oxi
dation of 19 and 20, respectively.

as a reaction product. While 2 and 3 are quite reactive at 
room temperature, 4 requires a temperature of ~100° for 
an extended period of time in order to react completely. 
We suggest that under these conditions (acid is produced 
as the reaction proceeds) 22 is unstable. Several reaction 
pathways available to 22 are illustrated in Scheme V.

Scheme V

Buchanan has demonstrated that the ketone 23 is un
stable at room temperature and rapidly polymerizes.17 
Thus if 23 is an intermediate in the formation of 11, and 
22 is unstable to the reaction conditions, one can readily
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explain the low yields of volatile material, as well as the 
absence of ketal 22.

© Ò
23

Recently, Reese reported on the silver ion assisted sol
volysis of 10,10-dibromotricyclo[4.3.1.01’6]decane (25)4 
(see eq 2). The major product, 26, can be explained as re

sulting from fragmentation of the protonated intermediate
29.18 No products of this type were obtained in the solvol-

26

28 29

ysis of 2, 3, or 4. This can be readily rationalized if one 
peruses the heats of reaction for the conversions contained 
in Table m .19 As pointed out by Warner, the feasibility or 
net exothermicity of the conversion of a tricyclic cyclopro
pyl system to a bicyclic bridgehead olefin via a disrotatory 
ring opening depends on the magnitude of the strain ener
gy inherent in the olefinic system in question as well as

Table III
Calculated Heats of Reaction for the Conversion 
of Several Bicyclic Systems to the Corresponding 

Monocyclic Olefin
Reaction A H ,  kcal m o l-1

< t >  —  □  (eq 3) -14.50

□ >  —  («14) -29.10

o> -  o  
c> -  o

the exothermicity of the conversion listed in Table III.3 
For example, Warner calculates a strain energy of ap
proximately 20 kcal in 31. However, the exothermicity 
calculated in eq 4 is 29 kcal. Thus a net exothermicity 
of 9-10 kcal is calculated for the conversion of 30 to 31.

Using a similar treatment one calculates the conversion of 
25 to 28 to be endothermic by 9-10 kcal and the conver
sion of 2 to 32 to require an activation energy of approxi
mately 20 kcal/mol-1 .20a Compounds 2, 3, and 4 therefore

do not undergo reactions similar to 25 since lower energy 
reaction pathways are available.

OH
32

It now remains to explain the differences in relative 
rates observed in the solvolysis of 2, 3, and 4. Le Bel has 
reported on the solvolytic behavior of the bicyclic tosy- 
lates 33 and 34.20b It was found that 33 was three times

more reactive than 34 at 25°. This corresponds to a differ
ence in AG* of 0.65 kcal/mol-1 . This difference can be as
cribed solely to an inductive effect. The disposition of the 
double bond in 34 in relation to the leaving groups is simi
lar to that found in 3. However, the difference in AG* be
tween 2 and 3 is 2.10 kcal/mol-1 . The difference between 
these values [(2.10-0.65) = 1.45 kcal/mol-1 ] is then a 
measure either of distabilization of the transition state ip 
the ionization of 3 due to complexing of silver ion with the 
site of unsaturation21 or relief of steric strain in the tran
sition state in the ionization of 2 or some combination of 
these two factors. If the effect is completely inductive, 
then one would predict a difference in AG* between 3 and 
4 of 4.2 kcal/mol-1 (e.g., 2 X 2.1 kcal/mol-1 ). This differs 
from the observed value by 2.4 kcal, a factor of ~60 in 
rate.24

If, on the other hand, the difference in rate was due to 
relief of steric strain plus the normal inductive effect of 
two uncomplexed double bonds, one calculates a differ
ence in AG* between 3 and 4 of 2.75 kcal/mol-1 [1.45 +
(2)(0.65)] which differs from the observed value by 3.9 
kcal/mol-1 , a factor of ~750 in rate. The former explana
tion thus seems more palatable. Perhaps the deviation be
tween the observed and calculated rates for 4 (a factor of
20-60) is a result of the conformation of the system which 
allows for a more stable silver-olefin complex and more 
efficient electron withdrawal by silver ion.

It should also be noted that rate and product studies in
dicate no participation by double bond in either 3 or 4.

Experimental Section25
1.2.3.4.5.8- Hexahydronaphthalene. The procedure of Htickel 

and Worffel was employed with the exception that the reaction 
was carried out at -3 3 °.26 A yield of 67 g (83%) of material was 
obtained. An nmr spectrum of the product exhibited absorption 
at 5.45 (singlet, 2 protons), 2.40 (singlet, 4 protons), and 1.22-2.05 
ppm (multiplet, 8 protons).

11.11- Dibromotricyclo[4.4.1.01’6]undec-3-ene (3). Compound 3 
was synthesized according to previously published procedures.10 
It was obtained in a 17% yield. Its properties were identical with 
those reported.10

1.4.5.8- Tetrahydronaphthalene. The material was prepared in 
a 75% yield according to the method of Htickel and Schlee, mp 
53-55° (lit. mp 53°).27 An nmr spectrum of the compound exhib
ited absorption at 5.54 (singlet, 4 protons) and 2.44 ppm (singlet, 
8 protons).

11.11- Dibromotricyclo[4.4.1.01,6]undecane (2). Compound 3 
was reduced catalytically at atmospheric pressure [hydrogen, 5% 
rhodium on alumina, ethyl acetate-ethanol (1:1)] to afford 2 in an 
85% yield. Its properties were identical with those previously re
ported.6

Silver Ion Assisted Methanolysis of 3. Compound 3 (1 g, 3.26 
mmol) and silver nitrate (2 g, 12.5 mmol) were dissolved in 100
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ml of methanol and refluxed for 2 hr. The reaction mixture was 
filtered to remove silver bromide, and water (150 ml) was added 
to the filtrate. The aqueous layer was extracted with 3 x  25 ml 
portions of pentane. The pentane extracts were combined and 
dried, and solvent was removed to afford 0.85 g of a yellow oil 
which was subjected to vpc analysis on a 2 ft X 0.25 in. 5% Car- 
bowax 20M column. Four major components (7-10) were shown to 
be present. They were all collected. Both compounds 10 and 8 
were identified by comparison of their infrared and nmr spectra 
with spectra of authentic materials. An nmr spectrum of com
pound 7 exhibited absorption at 0.90-2.56 (complex absorption,
12 protons), 3.17 and 3,24 (two singlets, 6 protons), and 5.34 ppm 
(broad singlet, two protons). Compound 9 exhibited infrared ab
sorption at 3010, 1720, and 1615 c m '1. In runs in which yields 
were determined an internal standard (biphenyl) was added di
rectly to the reaction mixture after all starting material had been 
consumed. The reaction mixture was subjected to vpc analysis 
without further work-up (see text for a tabulation of yields).

Catalytic Hydrogenation of 9. Compound 9 was reduced at 
atmospheric pressure (hydrogen, Pt02, ethanol). The usual work
up afforded a crude product which was subjected to vpc analysis. 
One major component (>90%) was in evidence. The material was 
collected and its infrared spectrum was measured; it was identi
cal with that of compound 15.

Catalytic Hydrogenation of 7. Compound 7 was reduced (hy
drogen, P t02, ethanol) to afford material which had an infrared 
spectrum identical with that of 5.

Silver Ion Assisted Methanolysis of 4. Compound 4 (5 g, 16.4 
mmol), silver nitrate (11.2 g, 65.6 mmol), and 100 ml of methanol 
were placed in a high pressure apparatus and heated at 100° for 
20 hr. The reaction was worked up in the usual manner to afford 
f .2 g of crude material that was subjected to gas chromatographic 
analysis on the Carbowax column mentioned previously. Two vol
atile components were present and both were collected. The first 
to elute was identified as naphthalene ( 12) and the second was 
identified as benzotropone (11). In both cases the structures in 
question were assigned by comparison of infrared spectra with 
spectra of authentic materials. Yields were determined in the 
same manner as reported for the solvolysis of 3.

Silver ion Assisted Methanolysis of 2. For complete experi
mental details see ref 6.

Kinetic Procedures. The standard ampoule technique was em
ployed in all kinetic runs. All ampoules were wrapped in alumi
num foil. Solvents were rigorously purified and used immediately 
after preparation. The concentration of silver ion (~20-fold ex
cess in each case) was determined via titrametric methods. In all 
runs except the solvolysis of 2 at least six points were taken (four 
points in the case of 2 at 22.6°). Reactions were followed by deter
mining (vpc) the amount of starting material remaining at a 
given time. Biphenyl was employed as the internal standard. All 
reactions were followed to 90% completion. Pseudo-first-order rate 
constants were determined using a least-squares computer pro
gram.
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Among the various electrophiles, E (alkyl halides, car
bonyl compounds, and epoxides), that react with the 
lithiooxazine l2 producing the elaborated oxazine 2, only 
those derived from esters and nitriles cannot be trans
formed into the homologated acetaldehydes 3. Although 
esters and nitriles acylated the lithio salt 1, the resulting 
(3-keto oxazine 4 was inert to reduction by sodium borohy- 
dride and, therefore, could not be hydrolyzed (as its tet- 
rahydro-l,3-oxazine) to /3-keto aldehydes. The reason for 
this limitation in the oxazine-aldehyde synthesis is due 
mainly to the tautomeric behavior in 4 which was found 
to exist mainly as the delocalized species 5. The struc
tures of 5a-c were deduced from their spectral properties 
(Table I).

Examination of the ultraviolet spectrum of the adducts 
5 reveals long wavelength absorption (290-323 nm) with 
intense extinction coefficients (25,000-30,000) indicative 
of an extended conjugated chromophore. The infrared 
spectra for these derivatives were devoid of the typical 
G =N  and 0 = 0  absorption bands at 1665 and 1710 cm~x, 
respectively, while exhibiting delocalized absorption in 
the 1500-1610 cm-1  region. Further evidence that 5 and 
not 4 was the prevailing structure was gathered by the 
nmr spectrum which showed a one-proton vinyl signal as 
well as an NH proton that readily exchanged with deute
rium oxide. This behavior is consistent with tautomerism 
observed in a variety of heterocyclic systems containing 
exocyclic/3-carbonyl moieties.3

RCN or R C 02Et

A B
5a, R =  Me
b, R =  re-Pr
c, R =  Ph

LiAlH,
no reaction

Recovery of the 2-methyl oxazine 9 was also noted in 
most cases when 1 was treated with the esters or nitriles. 
However, the amount of methyl oxazine recovered was al
ways greater when acylation was performed with esters (% 
9, Table I). For esters and nitriles possessing a protons, 
the appearance of 9 could be due to simple proton ab
straction by 1 as a competitive reaction mode to addition. 
When benzonitrile or ethyl benzoate was used as the acyl- 
ating agent, no a protons were present and yet 29% of 9 
was still formed. Since the pK & of the methyl group in ac
etonitrile and ethyl acetate have been estimated to be 
comparable (~25),4 the greater recovery of 9 from ester

Table I
Reaction of 1 with Nitriles and Esters to Give 5 and 9

Nitrile“ or ester % 5 » °C % 9'> U v (EtOH ), nm (e)
Ir (KBr), 

cm -1 H a H b H e

M eC N  1 70 64.5 30 293 (2.5 X 10“) 1510 4.5 11.6 4.3
> 5a 1550 (s, 1) (b, 1) (m, 1)

MeCChEt) 50 50 1610
ra-PrCN 1 85 53 15 291 (2.4 X 104) 1500 4.5 11.8 4.3

5b 1548 (s, 1) (b, 1) (m, 1)
n-PrCChEtj 60 40 1610
PhCN  j 100 85 323 (3.1 X 104) 1510 5.2 12.3 4.3L 231 (1.6 X 104) 1540 (s, 1) (b, 1) (m, 1)

f 5C 71 29 1580
PhCOJEtJ 1600
a Reactions ran on a 0.02-mol scale. 1 V pc ratios; isolated yields slightly low er.' Recrystallized from petroleum ether. d E le

mental analysis: Calcd for CioHnNOo (5a): C, 65.54; H, 9.35; N, 7.64. Found: C, 65.28; H, 9.52; N , 7.60. Calcd for Ci2H 21- 
N 0 2 (5b): C, 68.21; H , 10.02; N , 6.63. Found: C, 67.97; N , 9.94; N , 6.57. Calcd for C i5H 19N 0 2 (5c): C, 73.44; H, 7.81; 
N , 5.71. Found: C, 73.63; H, 7.73; N , 5.74.
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acylation must be due to proton abstraction from 4 gener
ating the lithio salt 8. Hence, 4 must be formed directly 
in the reaction medium. When acylation was performed 
using the nitrile, the initial intermediate is probably 6 
which is much less acidic than 4 and the latter is not pro
duced until the reaction is quenched. It is, therefore, con
cluded that acylations of oxazine carbanions are more effi
ciently performed using nitriles as the acylating agent.

Experimental Section5
ff-Ketoalkyloxazines 5. General Acylation Procedure. A solu

tion of 9 (0.02 mol) in 30 ml of tetrahydrofuran was cooled to 
-78° in Dry Ice-acetone and treated with 0.021 mol (1.6 M ) of n- 
butyllithium (hexane). The system was under a nitrogen atmo
sphere throughout the addition. The anion 1 appeared within 1 hr 
as a yellow suspension and the ester or nitrile (0.21 mole) was 
added all at once. The reaction was allowed, while stirring, to 
warm to room temperature (8-15 hr) and then poured into water 
and acidified (1 N  hydrochloric acid). The aqueous acid solution 
was extracted with ether-pentane (1:1) and the extracts were dis
carded. The aqueous solution was neutralized with 5% sodium 
bicarbonate and extracted with ether, dried (Na2SO.j), and con
centrated. The residue was recrystallized from petroleum ether to 
afford pure 5 (see Table I for physical constants).
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Kreuz and Larkin have shown that /J-nitroalkyl nitrates 
decompose in paraffinic and aromatic solvents by a homo- 
lytic fission of the 0 -N 0 2 bond, intramolecular rearrange
ment, and recombination to give dinitro alcohols.1 Facile 
reaction requires somewhat higher temperatures for secon
dary (140-160°) than for tertiary (100-130°) nitrate struc
tures.

CH3(CH2)5CHCH2N02

o n o 2

CH3(CH2>5CHCH2N02

0 -

+  NO.,

CH3(CH2)2CH(CH2)2CHCH,N02
I

OH

NO,

CH3(CH2).,CH(CH2)2CHCH ,n o2
'I  I
NO, OH

Subsequent studies in our laboratories have demon
strated that a different decomposition path may be fol
lowed when olefinic solvents are employed. Thus, when
l-nitro-2-octyl nitrate was heated in dodecene-1 at 138°, a 
more rapid decomposition occurred than in dodecane 
(7 i /2 20 min vs. 2300 min). In addition, infrared analysis 
showed that a conjugated nitro olefin was forming instead 
of a 1,5-dinitro alcohol.

Product isolation was facilitated when the nitro nitrate,
e.g., l-nitro-2-decyl nitrate, was heated in octene-1 at 123° 
for an extended period (8 hr). After removal of the solvent 
under reduced pressure, followed by chromatography of 
the residue on silica gel with hexane as eluent, 1-nitro-l- 
decene was isolated in 90% yield. Also isolated was a mix
ture of nitrogen-containing materials and evidently (from 
nmr analysis) solvent derived. In order to determine the 
importance of solvent nitration as a source of nitro olefin,
l-nitro-2-octyl nitrate was decomposed in 2,4,4-trimethyl- 
pentene-1. No nitro olefin derived from the solvent could 
be detected by nmr analysis of the product [lack of broad
ening of one of the doublet lines centered at 8 7.86 
and absence of a methyl absorption near 8 8.22
[-C (C H 3)= C H N 02].

Table I gives the products formed and their yield as de
termined by isolation or nmr analysis for the decomposi
tion of various /3-nitroalkyl nitrates. One sees that secon-
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Table I
Products Formed in the Decomposition of /3-NitroaIky] Nitrates in Octene-1 at 120°

/S-Nitroalkyl nitrate Registry no. N itro olefin Registry no. Yield,“  %

l-N itro-2-pentyl nitrate 
l-N itro-2-hexyl nitrate 
l-N itro -2 -octy l nitrate 
l-N itro-2-decyl nitrate 
l-N itro-2-m ethyl-2-pentyl nitrate
1- N itro-2,4,4-trim ethyl-2-pentyl 

nitrate
2- O ctyl nitrate

49746-21-6
14202-68-7
13434-64-5
36601-57-7
35223-51-9
32778-22-6

7214-64-4

1-N itro-l-pentene
1-N itro-l-hexene
1-N itro- 1-octene
1-N itro-l-decene
1-N itro-2-m ethyl-l-pentene
l-N itro-2,4,4-trim ethyl-l-pentene

N o reaction

3156-72-7
49746-23-8

4550-05-4
36601-60-2
49746-25-0
27838-96-6

90 (nmr)
90 (nmr)
90 (nmr)
90 (isolated)6 
50 (nm r)'
15d

“ Y ield was determined by comparing the nmr absorptions at S  7.86 and 9.15 (C H = C H N 0 2) to the absorptions at 5 4.68 
(CH -NO2) , or the absorptions at d  7.85 [C (CH 3) = C H N 0 2 ] to the absorption at S  4.82 (CH 2N 0 2) in the crude product after the 
olefin was removed under vacuum. 6 1-N itro-l-decene typified 1-nitro 1-olefins in exhibiting two intense absorptions in the ir 
at 6.55 and 7.3 ¡i. T he structure displayed below gives the proton assignments as determined by  nuclear magnetic resonance.

0 .9 0  2 .26  7 .86
C H S (CH„) 6C H 2C H = C H N 0 2

1.30  8.15
Saturation o f  the absorbing nuclei at 5 2.26 causes the absorption at d 8.15 to become a doublet. c Other m ajor product formed 
was 2-m ethyl-l,5-dinitro-2-pentanol in 50% yield (nmr). d Isolated in the combined chromatographic fractions containing the 
nitro olefin and 2,4,4-trimethyl-1,5-dinitro-2-pentanol. The overall yield is probably lower than 15%  since some dinitro 
alcohol remains on the column.

Table II
Kinetic Data for the Thermal Decomposition 

of l-Nitro-2-Decyl Nitrate“
l-N itro-2- 

decyl nitrate Solvent
Temp,

°C
k y f , X  108, 

sec“ 16

0.11 Dodecene-1 116 1 .7
0.11 Dodecene-1 121 4 .1
0.11 Dodecene-1 140 58
0.16 Dodecene-1 121 4 .3
0.23 Dodecene-1 121 4 .6
0.11 50%  dodecene-1 121 2 .1

50%  dodecane

“ Data obtained after induction period. 6 Pseudo-first-
order rate constant. The decom position was followed by
monitoring the disappearance o f  the 11.6-^ band in the
infrared. The reproducibility o f  the rate constant was
± 5 % .

Table III
Variation of Pseudo-First-Order Rate Constants for

the Decomposition of 0.11 M  l-Nitro-2-Decyl
Nitrate at 123i 0

OJefin solvent k ÿ  X  108, sec-1

Hexachloropropylene 0 .3 8 “
Dodecene-1 5 .1
re-Decyl vinyl ether 23

“ The rate of decomposition was so slow that an induction 
period was not detectable.

dary nitrates go cleanly to nitro olefins but that tertiary 
nitrate structures tend more to the rearrangement path 
which leads to dinitro alcohols. In fact, decomposition of
l-nitro-2,4,4-trimethyl-2-pentyl nitrate gives no more than 
15% nitro olefin along with 85% of the radical rearrange
ment products, mostly l,5-dinitro-2,4,4-trimethyl-2-pen- 
tanol. l-Nitro-2-methyl-2-pentyl nitrate gives equal 
amounts of the nitro olefin along with l,5-dinitro-2- 
methyl-2-pentanol. The importance of the nitro group is 
shown by the failure of 2-octyl nitrate to react under these 
conditions.

When a secondary /3-nitroalkyl nitrate is heated, there 
is an induction period prior to decomposition.2 This in
duction period is temperature dependent (being ~ 2 hr at 
120° and ~10 min at 140°). There is no detectable change 
in the induction period when nitrobenzene is added to the 
reaction mixture, or when the reaction solution is deaerat

ed with nitrogen. The induction period remains when n- 
decyl vinyl ether is used as a solvent in place of the hy
drocarbon olefin. The cause of this inhibition is not 
known: no compositional changes were noted during the 
period by infrared monitoring. Since /3-nitroalkyl nitrates 
are not amenable to the more conventional methods of 
purification3 such as distillation and crystallization, there 
may be a small amount of impurity which is acting as an 
inhibitor and must be consumed before reaction can 
occur.

(For the tertiary systems, there is no apparent induc
tion period, since the rearrangement reaction is also oper
ative and is consuming nitrate.)

During the first half-life after the induction period, ap
proximate first-order kinetics seem to be obeyed, as the 
half-life does not change appreciably with change in ini
tial concentration of /3-nitroalkyl nitrate. However, by 
halving the concentration of dodecene-1 (by diluting with 
an equal volume of dodecane, an inert solvent) the appar
ent rate constant is halved, indicating a dependency of 
the reaction on olefin concentration. See Table II. The 
rate of decomposition after the induction period is also 
affected by changes in the structure of the olefin solvent. 
This variation is given in Table HI.

There seems to be a parallelism between the basicity of 
the olefin and the size of the rate constant, the largest 
value being associated with the strongest electron-donat
ing solvent, n-decyl vinyl ether, and the smallest with the 
electron-poor solvent, hexachloropropylene. Decomposi
tion of l-nitro-2-decyl nitrate did not occur when heated 
with diphenyl ether under similar conditions. This indi
cates that the ether linkage per se is not sufficient to in
duce decomposition.

For the secondary systems (assuming that the induction 
period in the olefin-induced decomposition is due simply 
to some impurity causing inhibition) the overall data 
suggest that a bimolecular reaction is occurring which in
volves the solvent. The need for an activated hydrogen 
and apparent dependency upon the basicity of the olefin 
all lead to the thought that this elimination is proceeding 
by some type of acid-base sequence.

Experimental Section
The infrared spectra were obtained with a Perkin-Elmer 137B 

double-beam recording spectrophotometer using thin films on so
dium chloride disks, or differentially in solution in 0.1-mm sodi
um chloride cells. Nuclear magnetic reasonance spectra were de-
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termined with a Varian Associates H-100 spectrometer at 100 
HMz with tetramethylsilane as the internal standard.

d-Nitroalkyl Nitrates. The compounds used in this study were 
prepared by the nitric oxide reduction of /3-nitroalkyl peroxyni- 
trates formed by the action of nitrogen dioxide and oxygen on the 
appropriate olefin according to the method of Lackowicz and 
Kreuz.4

1-Nitro 1-Olefins. A typical example for the preparation of 1- 
nitro 1-olefins is given below.5 To 100 ml of octene was added 5.0 
g of l-nitro-2-decyl nitrate and this solution was heated at reflux 
for 12 hr. The solvent was removed under reduced pressure to give
4.7 g of a complex mixture. This mixture was transferred to a col
umn containing 200 g of silica gel. Elution of the column with 
hexane gave in the initial fractions 3.4 g of 1-nitro-1-decene 
(90%). Subsequent elution with methanol gave 0.8 g of a solvent- 
derived nitrogen-containing mixture of compounds.

Kinetics. The appropriate amount of /3-nitroalkyl nitrate was 
added to the olefin solution and the unstirred solutions were 
heated to the desired temperature. The decompositions of the ft- 
nitroalkyl nitrates were followed by monitoring the disappearance 
of the 6.1-, 7.8-, and 11.6-p infrared absorption bands. The solu
tions of /3-nitroalkyl nitrates followed Beer’s law in the concentra
tion ranges studied (up to 0.22 M). The temperatures were main
tained at ±0.5°. Aliquots were withdrawn at timed intervals and 
their spectra were recorded differentially in 0.1-mm sodium chlo
ride cells vs. the appropriate solvent. A base-line, straddling the 
peak, technique was used to measure the absorbances of the band 
being monitored.6 The rate constants were calculated from the 
slope of a log (/3-nitroalkyl nitrate)//3-nitroalkyl nitrate vs. time 
plot and were reproducible within ±5%.

Inspection of all crude reaction mixtures was done by compari
son of their infrared and nuclear magnetic resonance spectra with 
spectra of authentic samples of 1-nitro 1-olefins. The preparation 
and properties of the authentic 1-nitro 1-olefins is described by 
Cummings and Kreuz.2

Registry No.—2-Methyl-l,5-dinitro-2-pentanol, 49746-26-1.
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The solvolytic rearrangement of the parent title tosylate
1-OTs leads to a nortricyclyl product 2-OH (eq l ) .3 Two

Ph
1 A

Ph
1 Adioxane

(i>\ / 0Ts H20 ’
1-OTs A 2-OH

8-OH (Ph = p-chlorophenyl
pathways were suggested3 for this process. The first
suggestion (pathway A) invoked a 1,2 n-bond participa
tion in the rate-determining step to produce ion I as an 
intermediate species (eq 2). It was further suggested that 
in a subsequent fast step, I was converted to the more sta
ble benzhydrylic cation II, which then gave the alcohol 
product 2-OH. Such a participation should be absent in 
the endo tosylate related to 1-OTs. Indeed, the exo/endo

rate ratio for the epimeric tosylates was over 4000-fold at 
25°,3 A second suggested pathway (pathway B) invoked 
direct cyclopropyl ring participation via a “ back-lobe” 
mechanism to produce ion II at once (eq 3). This idea 
would also accommodate a large exo/endo rate ratio. More
over, such a notion has literature precedent,4 as pathway 
A obviously has as well.

It has now been found that pathway A seems to be in 
better accord with further results. Use of aryl groups in
1-OTs other than phenyl allowed a structure-reactivity 
study. Table I contains some of the results of that study.5

Table I
Kinetic Data on Tricyclic Tosylates, 64.5° °

A r

Compd Ar 108 k\, sec-1 ^rel

3-OTs p-Anisyl 28.85 27
4-OTs p-Tolyl 15.97 15
5-OTs p-Chlorophenyl 1.07 1

° In dioxane-water (80:20, v/v) containing 2,6-lutidine.

A plot of log ki vs. 2<t6 gave a value of p = —1.44 ±
0.04. Use of 0-+ 7 values gave a poor correlation with pro
nounced curvature. Clearly, the rate correlation with a in
stead of <r+ and the small spread in kre[ are in better 
keeping with pathway A, wherein no appreciable cationic 
charge development on the aromatic ring; so the reaction 
wherein direct conjugation with the aryl groups exists in 
ionll.

A comparison might be made with the arylcyclopropyl 
systems shown in eq 4.8 In A, solvolysis occurs with little

B
charge development on the aromatic ring, so the reaction 
follows a and p = —1.75 (108°). In B, solvolysis occurs 
with extensive charge development on the aromatic ring; 
so the reaction follows <r+ and p = —4.31 (108°). It is sug
gested that pathway A of the present study relates to A 
and pathway.B relates to B.

As another point for investigation, one might note that 
a fundamental difference between the pathways lies in the
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Table II
Diaryldiazomethane-Norbornadiene Adducts

---------------Calcd, % -----------
Ar M p, °C  Yield, %  C H

p-Anisyl, 3-P"
p -T oly l, 4-P 121-122.5
p-Chlorophenyl, 5-P 131-132

“ Used crude in the subsequent steps.

40
44 84.05 7 .05
39 .5  67.62 4 .53

---------Found, % ----------
C H

84 .08  7 .19
67 .64 4 .42

Table III
exo-3,3-Diaryltricyclo[3.2.1.024]-oct-6-enes

3-, 4-, 5-A

Ar Mp, °C Yield, %

.------------Calcd, % -

C H
-------------Found, % -

C H
p-Anisyl, 3-A° 7 6 -7 7 .5 88 82 .99 6 .9 6 83 .19 6 .9 0
p-T oly l, 4 -A6 110-112 92 9 2 .25 7 .7 4 9 2 .0 7 7 .9 6
p-Chlorophenyl, 5- A' 1 3 4 .5 -1 3 6 97 73 .41 4 .9 2 73 .3 5 4 .8 4

“ « H -2 ,4 ,1.63 (s); S H -6,7, 6.53 (t). 6 5 H -2 ,4 ,1.71 (s); 5 H -6,7, 6.50 (t). » 5 H -2 ,4 ,1.53 (s); 8 H -6,7, 6.51 (t).

Table IV
exo -3,3-Diaryltricyclo [3.2.1.02 4]-oct-exo-6-yl Tosylates

Ar

6
3-, 4-, 5*OTs

— Calcd, % ----- ------ - ,---------- Found, %■
Ar M p, °C Yield, % C H c H

p-Anisyl, 3-OT.s“ 84-87 dec 74 71.00 6 .16 70.93 6 .37
p -T oly l, 4 -O T s6 100.5-103 dec 84 75.95 6 .5 8 76.20 6 .62
p-Chlorophenyl, 5 -O T s' 116-118 dec 86 64.93 4 .84 65.15 4 .74

“ 5 H -6, 4.51 (br d). 5 8 H -6, 4.51 (br d). '  8 H -6, 4.52 (br d). N ote: the alcohols 3- and 5-OH  were used in crude form to 
prepare these tosylates. A lcohol 4-O H  had m p 129-131° from  hexane. Anal. Calcd for C 22H 24O: C, 86.80; H, 7.94. Found: C, 
87.06; H , 8.06.

participation suggested: a norbornyl type in A but a cy
clopropyl ring type in B. If pathway B operated in eq 1, 
then perhaps d-(gem-diphenylcyclopropyl)ethyl tosylate 
(9-OTs) would behave similarly, as in eq 5. This tosylate

Ph ph
9-OTs

was prepared in a straightforward fashion which requires 
no discussion (see Experimental Section). In 80% dioxane, 
however, it was found that 9-OTs solvolyzed without rear
rangement; i.e., only 9-OH was obtained ( fc i  = 2 .5  X  10-6 
sec-1 at 7 5 ° ) ,  presumably via S n  s o lv o l y s i s .9 ’ 12 Likewise, 
acetolysis of 9-OTs proceeded without rearrangement to 
the acetate 9-0Ac. While these negative results do not 
disprove the existence of pathway B in eq 1, the failure of
9-OTs to rearrange coupled with the low p value found for 
eq 1 make this pathway definitely less likely. On the other 
hand, these same facts are accommodated by pathway A, 
which is therefore suggested as the operative route in eq 1.

Experimental Section
Melting points, spectra, and analyses were obtained as pre

viously described.3 Boiling points are uncorrected. See Tables
II-IV for selected characterization data. For complete nmr and ir 
spectral data, consult the dissertation of J. R. F.

Tosylates 3-, 4-, and 5-OTs were prepared from the correspond
ing alcohols in pyridine with p-toluenesulfonyl chloride. The alco
hols 3-, 4-, and 5-OH, their alkene precursors 3-, 4-, and 5-A, and 
the pyrazoline adducts 3-, 4-, and 5-P, obtained from norborna- 
diene and the appropriate diaryldiazomethane that served as 
starting points for these syntheses, were all prepared as described 
for the diphenyl analog.3 Analytical samples of the pyrazolines 
and alkenes were recrystallized from methanol. The tosylates 
were recrystallized from petroleum ether (bp 30-60°)-benzene 
mixtures.

d-(gem-Diphenylcyclopropyl)acetonitrile. Into a stirred solu
tion of sodium cyanide (0.13 g, 2.6 mmol) in dimethyl sulfoxide 
(10 ml) at 60° was added dropwise a solution of (gem-diphenylcy- 
clopropyl)carbinyl tosylate [mp 67-68° (lit.14 mp 58-80°), 1.0 g,
2.6 mmol] in dimethyl sulfoxide (5 ml). The reaction material was 
held at 60° for 32 hr and then poured into water and extracted 
with ether. Distillation of the dried ether extracts gave the nitrile 
as an oil (0.58 g, 92%); bp 148-152° (0.35 mm); n28D 1.5772; d426 
1.112; ir (neat) X 4.54 p (CN).
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Anal. Calcd for C17H15N: C, 87.51; H, 6.48. Found: C, 87.61; H, 
6.63.

Methyl d-(gem-Diphenylcyclopropyl)acetate. The nitrile 
above (2.0 g, 8.5 mmol) in alcohol (15 ml) was added in portions 
over 15 min to a solution of potassium hydroxide (7.0 g, 0.125 
mol) in water (10 ml). After an overnight reflux period, the solu
tion was cooled and acidified. The crude acid so precipitated 
(1.75 g, 88%) was used directly in the next step. The acid (1.51 g, 
6 mmol) in ether was esterified with excess diazomethane. Distil
lation afforded the ester as an oil (1.20 g, 76%) : bp 151-155° (0.4 
mm); n28d 1.5602; d426 1.242; nmr (CDC13) Ô 3.62 (s, OCH3); ir 
(neat) X 5.84 p (C =0).

Anal. Calcd for Ci8Hi80 2: C, 81.17; H, 6.81. Found: C, 81.11:
H, 6.83.

d-(gem-Diphenylcyclopropyl)ethyl Alcohol (9-OH). The ace
tate ester above (1.2 g, 4.5 mmol) in ether (25 ml) was added 
dropwise over a 15-min period to lithium aluminum hydride (0.17 
g, 4.5 mmol) in ether (25 ml). The solution was stirred under re
flux for 3 hr and processed in the usual way. Distillation yielded 
the alcohol as an oil (1.05 g, 77%): bp 153-158° (0.25 mm); n28d
I. 5913; d42e 1.210; nmr (CDC13) 5 3.68 (t, -CH2OH); ir (neat) X
3.02, 9.43-9.69 y  (primary alcohol).

Anal. Calcd for Çi7Hi80: C, 85.68; H, 7.61. Found: C, 85.62; H, 
7.50.

d-(gem-Diphenylcyclopropyl)ethyl Tosylate (9-OTs). Reac
tion of the alcohol above in pyridine with p-toluenesulfonyl chlo
ride in the standard manner15 gave tosylate 9-OTs as a colorless 
solid; mp 95-97° from absolute alcohol; nmr (CDC13) 6 4.10 (t, 
-CH2OTs); ir (KBr) X 8.38, 8.47 y  (-SO2-).

Anal. Calcd for C24H24O3S: C, 73.44; H, 6.16. Found: C, 73.29; 
H, 6.27.

Solvolysis Studies. A. In Dioxane-Water (80:20 v/v). The 
kinetic and preparative solvolyses were performed as described 
earlier.3 From 4-OTs at 110° for 24 hr there was obtained bis(p,p'- 
dimethyl)benzhydrylidenenortricyclene (6, 99%); mp 103-105° 
from aqueous methanol; nmr (CDCI3) 5 7.07 (narrow m, ArH), 2.56 
(broad s, H-4), 2.33 (s, ArCH3), 1.85-1.26 (m, remaining H’s); ir 
(KBr, prominent absorptions only) X 6.12, 6 .68, 7.32, 7.90, 8.62,
9.25, 9.80, 10.01, 10.69, 11.45, 12.62, 13.10-13.41, 14.25 y .  The spec
tra were closely analogous to those reported3 for benzhydrylidene- 
nortricyclene (7).

From 5-OTs at 75° for 14 hr there was obtained 8-OH (88%) : 
mp 98-100° from aqueous methanol; nmr (CDCI3) 5 7.65-7.03 (m, 
ArH), 2.55 (broad s, OH), 2.38 (broad s, H-4), 2.07 (d, exo H-5, 
e/exo-endo = 11 Hz), 1.47 (broad s, H-l), 1.38-0.82 (m, remaining 
H’s); ir (KBr, prominent absorptions only) X 2.85, 6.81, 7.24, 7.70, 
7.81, 8.12, 8.76, 9.35, 10.20, 10.41, 11.25, 12.43-12.72, 14.10-14.55 
y .  The spectra were in close analogy to those reported for 2-OH.3 
From tosylate 9-OTs at 130° for 16 hr there was obtained only
9-OH (77%).

B. In Acetic Acid. Tosylate 9-OTs (0.19 g, 0.8 mmol) was 
heated in dry acetic acid (20 ml) containing sodium acetate (0.04 
M) at 120° for 46 hr. Reaction work-up yielded only 9-OAc (0.17 
g, 87%): nmr (CDC13) 5 4.05 (t, -CH2OAc, J  = 7.5 Hz), 1.91 (s, 
-OAc); ir neat) X 5.90 y  (C =0). The nmr total spectrum was in 
close correspondence to 9-OH and 9-OTs and left no doubt that 
all three possessed the same parent structure.

Registry No.—3-OTs, 50323-69-8; 3-P, 50323-89-2; 3-OH, 
50323-71-2; 3-A, 50323-72-3; 4-OTs, 50323-73-4; 4-P, 50323-90-5;
4-OH, 50323-74-5; 4-A, 50323-75-6; 5-OTs, 50323-76-7; 5-P, 50323-
91-6; 5-OH, 50323-77-8; 5-A, 50323-78-9; 6, 50323-92-7; 8-OH, 
50323-93-8; 9-OH, 38674-45-2; 9-OTs, 50323-95-0; 9-OAc, 50323-
96-1; di-p-anisyldiazomethane, 1221-72-3; di-p-tolyldiazomethane, 
1143-91-5; di-p-chlorophenyldiazomethane, 1143-92-6; norborna- 
diene, 121-46-0; /l-(ffcm-diphenylcyclopropyl)acetonitrile, 50323- 
99-4; /3-(gem-diphenylcyclopropyl)carbinyl tosylate, 50324-00-0; 
methyl d-(gem-diphenylcyclopropyl)acetate, 38674-44-1.
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As part of a study of the alkaline oxidation of lignin2 it 
was of interest to determine the nature of the products re
sulting from the oxidation of model phenols 1, 2, and 3 by 
one-electron-transfer reagents such as potassium ferricya- 
nide, lead dioxide, silver oxide, etc. The products of such 
oxidations are usually dimers and oligomers formed by the 
coupling of intermediate phenoxy radicals3 and, indeed, 
phenol 1 is known to give the quinol ether 4 on treatment 
with potassium ferricyanide or silver oxide.4 We found 
compound 2 to behave in a similar manner, giving, on oxi
dation by ferricyanide in a benzene-aqueous potassium 
hydroxide system, an 85% yield of the polyphenylene 
ether 5 (mol wt ca. 2900). The polymer 5, like 4, was 
formed by coupling of the initially produced phenoxy rad
icals.

MeO

4 5
Phenol 3 reacted sluggishly under the same conditions 

and, although the benzene layer showed the intense emer-
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aid green color characteristic of 2,6-dimethoxy-substituted 
phenoxy radicals,5 only a few per cent of 3 was altered 
after 5 hr at room temperature. However, at 70° phenol 3 
was in 5 hr completely converted to a complex mixture of 
products, only one of which was present in significant 
quantity (26%). This product was characterized as the or
thoformate 6 on the basis of analytical and spectral data 
(see Experimental Section). The structural assignment 
was confirmed by mild acid hydrolysis of 6 followed by 
acetylation of the reaction mixture to give the expected phe
nol acetate 7 (90%), identified by comparison with au
thentic samples obtained by acetylation o f phenol 3, and 
catechol diacetate 8 (76%), identified by analytical and 
spectral data.

1. H
2. Ac.O, pyr

MeO T 'OMe MeO” T OAc 
OAc OAc
7 8

This formation of the orthoformate represents a course 
of reaction which to our knowledge has not previously 
been reported in the area of phenol oxidation. Coupling 
between two molecules of phenol has occurred, but not in 
the usual manner where two mesomeric forms of a phe
noxy radical couple with each other. Rather, coupling has 
occurred between one phenoxy radical and one secondarily 
formed radical at a methoxyl carbon of another phenol 
molecule. The same process occurs a second time, albeit 
intramolecularly, resulting in closure of the five-mem- 
bered ring.

Apparently, this behavior is due to the bulkiness of the 
tert-butyl groups and probably methoxyl groups as well, 
which hinder the coupling of one phenoxy radical with an 
annular position on another. Thus, the reaction follows 
the normally unfavorable course of hydrogen abstraction 
from a neighboring methoxyl group, forming a radical 
which is sufficiently unhindered to couple with a phenoxy 
radical.

This explanation was further substantiated by repeating 
the oxidation with lead dioxide, using diethyl ether as sol
vent instead o f benzene. The acetal 9 was isolated in 56% 
yield, demonstrating the ability of the phenoxy radical to 
abstract a secondary hydrogen atom from the ether and 
then couple with this radical. No orthoformate (6) was de
tected by tic, reflecting as expected the preference for hy
drogen abstraction from a secondary carbon, the ether, as 
opposed to a primary carbon, the methoxyl group, al
though the much larger concentration of diethyl ether in 
the reaction mixture undoubtedly also contributes to the 
overwhelming formation of acetal 9.

MeO I OMe 
0 
f

CH3COCH2CH3

H
9

Experimental Section
General. Melting points were taken on a Thomas-Hoover melt

ing point apparatus and are uncorrected. Infrared spectra (ir) 
were obtained on a Perkin-Elmer Model 521 infrared spectropho
tometer. Ultraviolet (uv) and visible spectra were obtained with a 
Cary Model 15 ultraviolet-visible spectrophotometer. Nuclear 
magnetic resonance (nmr) spectra were obtained with a Varian 
Associates Model HA-100 spectrometer using chloroform-d as sol
vent and tetramethysilane as an internal reference. Mass spectra 
were obtained using either an AEI MS-12 or an AEI MS-902 dou
ble-focusing spectrometer. Elemental analyses were performed by 
Atlantic Microlab, Inc., Atlanta, Ga.

3-tert-Butyl-2,6-dimethoxyphenol (2). A petroleum ether (bp 
80-110°) solution containing 10.0 g (0.065 mol) of 2,6-dimethoxy- 
phenol and 11.0 g (0.15 mol) of tert-butyl alcohol was stirred vig
orously and heated to 50°. To this solution, 2 ml of concentrated 
sulfuric acid was added dropwise over a 0.5-hr period and the 
reaction solution was then maintained at 50° for another 2.5 hr. 
After cooling, the reaction mixture was washed twice with 50-ml 
portions of water, dried over sodium sulfate, and concentrated 
under reduced pressure.

The residue was placed on a 5.0 x 25.0 cm column of Grace ac
tivated silica gel (100-200 mesh) and eluted with benzene. Evapo
ration of the collected benzene fraction gave 6.20 g (46%) of 3- 
tert-butyl-2,6-dimethoxyphenol: mp 52-53° from 95% ethanol; 
nmr 8 1.32 (9 H, s, tert-butyl), 3.79 (3 H, s, methoxyl), 3.90 (3 H, 
s, methoxyl), 5.50 (1 H, s, phenolic hydroxyl), 6.50 (1 H, d, J  =
9.0 Hz, aromatic), 6.74 (1 H, d, J  = 9.0 Hz, aromatic).

Anal. Calcd for Ci2Hi80 3: C, 68.57; H, 8.57. Found: C, 68.54; 
H, 8.61.

3,5-Di-tert-butyl-2,6-dimethoxyphenol (3). To a 100-ml three
necked flask equipped with a condenser and a bubble tube were 
added 7.0 g (0.045 mol) of 2,6-dimethoxyphenol and 12 ml of ben
zene. This mixture was heated to reflux and isobutylene was bub
bled in throughout the entire reaction. Under vigorous stirring, a 
total of 1  ml of concentrated sulfuric acid was added dropwise 
over the first 2 hr of reaction. After addition of the sulfuric acid, 
refluxing was continued for 4.5 hr.

Upon cooling, the desired compound began to crystallize from 
solution; therefore the reaction mixture was diluted with 100 ml 
of benzene, washed with two 50-ml portions of water, and dried 
over sodium sulfate. The benzene was removed under vacuum to 
leave a residue of crystals and some oil. Recrystallization of the 
residue from 95% ethanol yielded 6.40 g (53%) of 3 ,5 -di-tert-butyl-
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2,6-dimethoxyphenol: mp 138-139.5°; nmr 5 1.35 (18 H, s, two 
tert-butyl), 3.84 (6 H, s, two methoxyl), 5.26 (1 H, s, phenolic hy
droxyl), 6.79 (1 H, s, aromatic).

Anal. Calcd for Ci6H2603: C, 72.18; H, 9.77. Found: C, 72.15; 
H, 9.82.

Oxidation of 3-terf-Butyl-2,6-dimethoxyphenol (2) with Al
kaline Potassium Ferricyanide. A solution of 1.20 g of the phe
nol 2 in 75 ml of benzene was stirred vigorously with a solution of
6.00 g of potassium ferricyanide and 5.60 g of potassium hydrox
ide in 50 ml of water at 25° for 5 hr. The benzene solution was 
washed twice with water, dried over sodium sulfate, and evapo
rated to dryness, and the residue was taken up in chloroform and 
precipitated with methanol. The precipitate was filtered and dis
solved and reprecipitated twice more to give 1.01 g (co. 85%) of 
the polyphenylene polymer 5.

The lightly cream colored polymer softened and melted over 
the range 140-160°. The osmometrically determined molecular 
weight was 2923 using chloroform as solvent and measurements at 
three different concentrations. The ir (KBr) showed the following 
major peaks: 2950 (s), 1595 (s), 1480 (s), 1435 (s), 1383 (s), 1200 
(s), 1108 (s), 1060 cm-1 (s). The nmr showed peaks at S 1.57 (s, 
tert-butyl), 3.37 and 3.74 (both s, two different methoxyls), and 
5.95 (s, aromatic) in the approximate ratio 9:3:3:.l, respectively. 
One further small peak at 5 1.35 is probably due to the tert-butyl 
group on the terminal unit of the polymer. None of these peaks 
disappeared upon the addition of deuterium oxide to the sample.

Anal. Calcd for Ci2Hi60 3: C, 69.23; H, 7.69. Found: C, 68.47; 
H, 7.65.

Oxidation of 3,5-Di-tert-butyl-2,6-dimethoxyphenol (3) with 
Alkaline Potassium Ferricyanide. A solution of 1.20 g of the 
phenol in 75 ml of benzene was stirred vigorously with a solution 
of 6.00 g of potassium ferricyanide and 5.60 g of potassium hy
droxide in 50 ml of water at 70° for 5 hr. The benzene solution 
was washed twice with water, dried over sodium sulfate, and 
evaporated to dryness. The residue, a red-brown oil, was dis
solved in 8 ml of acetone and allowed to stand in the refrigerator 
overnight. The precipitated product was filtered and the filtrate 
was diluted with 15 ml of 95% ethanol and filtered again to re
move the second batch of precipitate. The combined precipitates 
were recrystallized from acetone to give 0.318 g (26%) of the or
thoformate 6: mp 152-153°; ir (KBr) 2960 (s), 1595 (w), 1485 (s), 
1418 (s), 04 (s), 1358 (m), 1300 (m), 1230 (s), 1105 (s), 1070 (s), 
1008 (s), 990 cm-1 (s); nmr 5 1.32 (36 H, narrowly split d, four 
tert-butyl), 3.80 (6 H, s, two methoxyl), 3.96 (3 H, s, methoxyl), 
6.77 (1 H, s, trioxymethine), 7.03 (2 H, s, aromatic); none of these 
peaks disappears upon addition of deuterium oxide to the sample; 
nuclidic mass, 528.3389 (calcd for C32H4gC>6, 528.3450); mass 
spectrum m/e (rel intensity) 528 (2.7), 513 (1.0), 266 (1.5), 265 
(2.7), 264 (18.8), 263 (100.0), 251 (3.6).

Anal. Calcd for C32H4gOg: C, 72.85; H, 9.10. Found: C, 72.67; 
H, 9.10.

The structure of the orthoformate was confirmed by hydrolysis 
and subsequent acetylation of the products. Thus, 0.280 g of or
thoformate was hydrolyzed in 20 ml of 95% ethanol-chloroform 
(1:1) containing 5 drops of concentrated hydrochloric acid. The 
solution was warmed on a steam bath for 1 hr and diluted with 
water, and the chloroform layer was removed. After drying over 
sodium sulfate, the chloroform was removed and the residue was 
acetylated with pyridine-acetic anhydride (1:1). After 24 hr the 
volatiles were removed under vacuum and ptlc of the residue 
using benzene-hexane (1:1) gave 0.127 g (76%) of the catechol di
acetate 8 and 0.149 g (90%) of the phenol acetate 7.

The phenol acetate, mp 144-145° from hexane, was identified 
by comparison of its melting point, mixture melting point, and ir 
with those of authentic material which was obtained by acetyla
tion of phenol 3.

Anal. Calcd for CigHzgCU: C, 70.10; H, 9.10. Found: C, 70.08; 
H, 9.19.

The catechol diacetate had mp 130-132° from hexane; ir (KBr) 
2960 (m), 1770 (s), 1410 (s), 1200 (s), 1155 (s), 1062 c m '1 (s); nmr 
6 1.27 and 1.32 (9 H each, both s, two tert-butyl), 2.22 and 2.24 (3 
H each, both s, two acetyl), 3.77 (3 H, s, methoxyl), 7.21 (1 H, s, 
aromatic).

Anal. Calcd for C19H2g05: C, 67.90; H. 8.34. Found: C, 68.01; 
H, 8.31.

Oxidation of 3,5-Di-tert-butyl-2,6-dimethoxyphenol (3) with 
Lead Dioxide in Ether. To a vigorously stirred suspension of lead 
dioxide (5.0 g) in 100 ml of dry diethyl ether, 2.45 g of the phenol 
was added. The reaction mixture was maintained at 25° for 4 hr 
and then filtered to remove the lead dioxide. The solution was

washed with two 50-ml portions of water, dried over sodium sul
fate, and evaporated to dryness. After tic on silica gel using ben
zene-hexane (1:1), a compound was obtained as a partially crys
tallized oil. The oil was vacuum distilled to give 1.40 g (ca. 56%) 
of the acetal 9 which crystallized in the receiver: mp 36.3°; ntiir &
1.01 (3 H, t, methyl), 1.29 (18 H, s, tert-butyl), 1.44 (3 H, d, J  = 
5 Hz, methyl), 3.49 (2 H, m, methylene), 3.84 (6 H, s, methoxyl),
5.24 (1 H, q, J  = 5 Hz, acetal), 6.94 (1 H, s, aromatic); mass 
spectrum m/e 338 (molecular ion), 266, 251, 235, 221,166,73, 45.

Anal. Calcd for C20H34O4: C, 71.00; H, 10.07. Found: C, 71.16; 
H, 10.04.

Registry No.—2, 49746-11-4; 3, 49746-12-5; 5, 50322-12-8; 6, 
49746-13-6; 8, 49746-14-7; 9, 49746-15-8; 2,6-dimethoxyphenol, 91-
10-1.
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Aromatic o-aminoaldehydes are valuable starting mate
rials for a wide variety of N-heterocyclic compounds. 
However, in spite of their seemingly simple array of func
tionality, they are difficult to synthesize and in fact rela
tively few compounds possessing this pair o f functions 
have been described. In connection with our investigation 
of the Friedländer condensation as a synthetic method for 
the linear annellation of pyridine rings, large quantities of
2-aminonicotinaldehyde (2) were required.

The preparation of 2 had previously been accomplished 
by a multistep synthesis starting from 2-amino-3- 
picoline,1’2 but this proved to be a tedious procedure with 
substantial loss of material upon purification. Therefore, 
an alternate route to 2 was sought. An attractive possibili
ty was to employ the pyrimidine moiety of pyrido[2,3- 
djpyrimidine (la) as a source for the o-aminoaldehyde 
functionality. Covalent hydration of this heterocyclic sys
tem makes it susceptible to hydrolytic ring opening of the 
pyrimidine nucleus.3 This reaction is of no synthetic 
value, since la was synthesized from 2.3 However, sulfa- 
mation of nicotinamide with ammonium sulfamate4 readi
ly provided us with 2-(3'-pyridyl)pyrido[2,3-d]pyrimidine(lb) in 50% yield together with nicotinonitrile.

la, R =  H 2
b, R =  3-pyridyl

As anticipated, hydrolysis of this crude reaction mix
ture in 2 TV HC1 j?ave 2 and nicotinic acid. Separation was 
readily accomplished by extraction with ether, yielding 
pure 2 in 50% yield (based on nicotinamide). Proof of 
structure was obtained by spectroscopic data, by compari
son with an authentic sample,1 and by its conversion into 
derivatives of 1,8-naphthyridine by Friedländer condensa
tion.5



Notes J. Org. Chem., Vol. 39, No. 5, 1974 721

Finally, it should be noted that the o-aminoaldehyde 
functionality in 2 is generated in one single reaction step, 
in contrast with previous routes to aromatic o-aminoal- 
dehydes, where both functional groups are elaborated sep
arately.

Experimental Section
A mixture of nicotinamide (36.5 g, 0.3 mol) and ammonium 

sulfamate4 (52 g, 0.45 mol) was heated in an oil bath at 150°. 
After a clear melt was obtained, the temperature was raised slow
ly to 200°. The mixture was kept at this temperature for 6 hr, 
after which the content of the flask had completely solidified. 
Water was added and the precipitate collected and washed with 
ether to remove nicotinonitrile. The solid material thus obtained6 
was refluxed in 2 N  HC1 for 4 hr, made alkaline and extracted 
with ether. The resulting ether solution was dried (K2CO3) and 
evaporated to give pure 2-aminonicotinaldehyde (2) (9 g, 50%): 
mp 98-99° (lit.2 98°); ir (Nujol) 3440, 3250, 3125, 2750, 1650. 
1625, 1575, 1540 cm -1; nmr 8TMS (DMSO-d6) 9.96 (s, 1 , HCO), 
8.33 (dd, 1 , H-a, Ja-g = 4 Hz, Ja- y = 2 Hz), 8.08 (dd, 1, H-7 , 
Jg-y = 8 Hz), 7.6 (broad, 2, NH2), 6.8 (dd, 1, H-/3).
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In connection with a program of research on the ener
getics of cycloaddition reactions, we determined the en
thalpy of the reaction between cyclopentadiene (CPD) 
and maleic anhydride (M A). Our report is prompted by 
the recent publication of similar data by Rogers and 
Quan.1 These workers determined the heat for the DA 
reaction by standard solution calorimetric techniques. 
While the literature of thermal reactions abounds with 
kinetic data, measurement of enthalpies of reaction lags 
far behind. Where such data exist, they are often derived 
indirectly from heats o f combustion or hydrogenation, or 
from van’t Hoff data.2 Our measurements provide an ex
ample of an application of flow calorimetry to the study of 
an organic reaction in solution.

The flow calorimeter and method employed have been 
described by Sturtevant.3 The main components of the 
apparatus are a precision fluid delivery system capable of a 
wide range of delivery rates, a thermopile, and a massive 
aluminum heat sink. The reactant solutions are preequili
brated to the desired temperature and delivered through 
separate tubes to a junction where they are mixed just as 
they reach the thermopile. The heat evolved or absorbed 
upon mixing the solutions is quantitatively conducted

Table IEnthalpy of the Reaction of CPD and MA in Dioxane
Tem p, °C  Run

CPD 
flow rate0

M A
flow rate® -  A H ,h

25.0 I e 2 , 8 2 . 8 24.14
2 2 . 8 1 . 4 24.50
3 2 . 8 1 . 0 24.56
4d 2 . 0 2 . 0 24.92
5 2 . 8 2 . 8 25.37
6 1 . 4 1 . 4 24.27
7 2 . 0 2 . 0 25.19
8 2 . 8 2 . 8 25.24

Average 24.8 ±  0 ,5e
40.0 V 1 . 4 1 . 4 25.50

2 2 . 0 2 . 0 25.59
3 2 . 8 2 . 8 25.77
4 2 . 0 1 . 4 25.62
5 2 . 8 1 . 4 25.69
6 1 . 4 2 . 0 25.36
7« 1 . 4 1 . 4 25.78
8 2 . 0 2 . 0 25.40
9 2 . 8 2 . 8 25.39

10 2 . 0 1 . 4 25.74
11 2 . 8 1 . 4 25.45
12 1 . 4 2 . 0 24.90

Average 25.5 ±  0 .3 '

a A  relative flow rate of 1 is 3.53 ml/min. 6 Kcal/mol.
0 Runs 1-3: [CPD] =  1.06 X 10 _1 M ;  [MA] =  2.0 X 10“ 1
M . d Runs 4-8: [CPD] == 2.12 X 10 - 1 M ;  [MA] =  4.0 X
10 1 M . e The error is the standard deviation. > Runs 1-5: 
[CPD] = 1.88 X 10- 1 M ; [MA] =  4.0 X 10-> M . « Runs
7-12: [CPD] =  1.98 X 1 0 M ;  [M A] =  4.0 X 1 0 M .

through the thermopile to the heat sink. The output of 
the thermopile is integrated to yield the total heat trans
ferred during a specified period.

In the experiments performed, solutions of CPD (1-2 X
10 -1 M )4 and MA (2-4 X  10_1 M )  in dioxane were al
lowed to react in the calorimeter. Upon mixing, an exo
thermic reaction ensued and the thermopile output in
creased to a steady-state value. The heat evolution was 
integrated for at least 5 min of the steady-state period. It 
should be noted that the flow rates of the two reactants 
were varied relative to one another, in order to demon
strate that the reaction was complete during the residence 
time in the calorimeter. Experiments were performed at 
25 and 40°. The results of multiple runs are summarized 
in Table I. Control experiments indicated that there was 
negligible heat change on mixing of pure dioxane, or of 
dioxane with either reactant solution.

The enthalpy of reaction of CPD and M A in dioxane so
lution was found to be -24 .8  ±  0.5 kcal/m ol at 25.0°, and 
-25 .5  ±  0.3 kcal/mol at 40° (the error quoted is the stan
dard deviation). The precision of our values is not high 
enough to permit conclusions about the ACp of this reac
tion, except to say that this term is probably small.

Comparison o f our value of AH r (25°) = —24.8 ±  0.5 
kcal/mol for the reaction in dioxane and the value of Rog
ers and Quan of AH T (25°) = —26.2 ±  0.1 kcal/m ol for the 
reaction in dichloromethane indicates very good agree
ment after correction for solvent effects. Most of the data 
needed for solvent-effect corrections can be found in the 
work of Haberfield and Ray5 as well as that of Rogers and 
Quan. The latter two investigators determined the heats 
of solution of CPD, MA, and the product endo-5-norbor- 
nene 2,3-dicarboxylic anhydride (N) in CH2CI2 .6 The heat 
of solution o f CPD in CH2C12 is 0.1 kcal/m ol. This quan
tity is unknown in dioxane but it is almost certainly 
small, and can be assumed to be equal to the value in 
CH2CI2 as a first approximation. The heat of solution of 
MA in dioxane is also known from the work of Haberfield 
and Ray.®



722 J. Org. C hem ., Vol. 39, N o. 5, 1974 Notes

The enthalpy of transfer of the reactants from dioxane 
to CH2CI2 , (SAHsom (reactants) = AHrsom (CH2C12) -  
A //rsoin (dioxane), is 1.2 kcal/m ol. The heat of solution of 
N in dioxane is unknown. If it is assumed to be equal to 
the value in CH2CI2 , the small difference between our 
value and that of Rogers and Quan reduces to 0.3 kcal/ 
mol, which is well within experimental error. Even if one 
assumes a value as large as 1 kcal/mol for the enthalpy of 
transfer of the product from dioxane to CH2CI2 , one 
would still find that our results are in good agreement 
with the values determined by standard solution calorim
etry.7

In conclusion, we wish to emphasize that the flow calor
imetric method employed is fast, convenient, and requires 
small amounts of sample. It is potentially applicable to 
measurement of enthalpies of a wide variety of fast organ
ic reactions in solution.

Experimental Section

Materials. M a le ic  an hyd rid e  (E a s tm a n  O rg an ic C h e m ica ls) 
was rec rysta llize d  from  C H C I 3 , su b lim ed  under va cu u m , and 
stored in  a desiccator u n t il use. D io xane was p u rifie d  b y reflux ing  
over so d iu m  followed by d ist illa t io n  (onto m o lecu la r sieves) im 
m ed ia te ly  before use. C P D  was obtained by cra ck in g  eredo-dicy- 
clopentadiene w h ich  had been p u rifie d  b y the m ethod of H a r k - 
ness, e t  a l . 1 0

Calorimetry. T h e  flow calorim eter (a m odified  B e ckm a n  
M o del 190 m icrocalorim eter) has been described in  d e ta il else
where . 3 , 1 1  C a lib ra t io n  was accom plished by m easuring  the en
th a lp y  of reaction of 1.000 X 10-3 N  H C 1  and 2.000 x  10 - 3 N  
N a O H , em plo ying the values given b y G renthe, e t  a l . , 1 2  for the 
en th alp y of form ation of water.

T h e  tem perature of the calorim eter was regulated to w ith in  
± 0 .0 0 5 ° at both tem peratures at w hich the reaction was in v e s ti
gated. T h e  output of the therm opile d u rin g  the stead y-state  p e ri
od was integrated u sin g  a b a ll and d isk  integrator. T h e  in teg ra 
tion precisio n  is estim ated to be better th a n  ± 1 % .
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The reaction of tertiary alcohols with JV-iodosuccinim- 
ide (NIS) has been shown to produce alkyl iodides and ke
tones.1 The two products give good evidence that an alkyl 
hypoiodite is an intermediate in the reaction. The small 
number of secondary alcohols that have been oxidized 
with NIS produce ketones2 and cyclic ethers.3 The forma
tion of a cyclic ether from a secondary alcohol and NIS 
suggests that an intermediate hypoiodite is probably 
formed (Barton-type reaction), while the production of a 
ketone may involve either hypoiodite formation or suc- 
cinimidyl radical hydrogen abstraction.2

To gain more evidence for the general mechanistic 
pathway involved in the oxidation of secondary alcohols 
with NIS, NIS was allowed to react with three secondary 
alcohols, 2-methyl-l-phenyl-l-propanol (1, Table I), cyclo- 
pentanol (2), and 2,6-dimethyl-4-heptanol (3), that we be
lieved would not form ketones if an intermediate hypoio
dite was involved in the oxidation. Two of the secondary al
cohols had previously been oxidized with reagents that are 
thought to produce hypohalite intermediates, and ketones 
were not the major product. Cyclopentanol gives 5-iodo- 
pentanal when treated with iodine and mercuric oxide in 
carbon tetrachloride4 and 2,6-dimethyl-4-heptanol gives a 
furan when treated with bromine and silver acetate.5

O H

I
C 6H 5C H C H ( C H 3)2 -F  N I S  — ►

I
0

C 6H 5C H O  +  ( C H ;!)2C H I  +  N H S  +  C 6H 5C C H ( C H 3)2

The reaction of 1 with NIS in carbon tetrachloride at 
reflux in the presence of visible light6 produced 78-87% 
benzaldehyde and 4-12% isobutyrophenone.7 The 2-iodo- 
propane product was found to be produced in 83% yield 
when no solvent was present. Succinimide was produced 
in 75-80% yield.

+  N I S I C H 2C H 2C H 2C H 2C H O  +  N H S
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OH
Scheme I

01

(CH3)2CHCH2CHCH2CH(CH3)2 +  NIS 
3

(CH3)2CHCH2CHCH2CH(CH3)2 +  NHS

0

O

(CH3)2CHCH2CHCH2CH(CH3)2 +  I- 
5

/ radical C-C bond
disproportionation b < - cleavage

II (CH3)2CHCH2CHO
(CH:,),CHCH2CCH2CH(CH3)2 +

+  (CH3)2CHCH2-
OH
I

(CH3)2CHCH2CHCH2CH(CH3)2

Barton-type
reaction

CH2CH(CH3),

ch3
+ HI

Table IOxidation of 2-Methyl-l-phenyl-1-propanol with NIS
------ ’Yield of products, %—■—>

Conditions Isobutyro-
(solvent, irradiation, time) Benzaldehyde phenone

CCh, h v ,  2 hr 84 4
C C I 4, dark, 4 hr 87 5
CCh, h v ,  3 hr 78 7
CCh, h v ,  3 hr 80 1 2
No solvent, h v ,  2 hr0 88 7

“ The 2-iodopropane peak was not separated on the vpc 
from the carbon tetrachloride solvent peak. When 2-methyl- 
1-phenyl-l-propanol was oxidized with NIS with no solvent 
present 2-iodopropane was found in a yield of 83 %.

Irradiation of 2  with NIS in carbon tetrachloride at re
flux produced 5-iodopentanal. The 5-indopentanal was 
isolated as a 2,4-dinitrophenylhydrazone derivative in
15-25% yields. An nmr spectrum (CDCI3) of the crude al
dehyde produced triplets at 5 9.61 (CHO) and 3.27 (ICH2 ) 
and a complex multiplet at 6 1 .6- 2 .0  (CH 2 ). An ir spec
trum gave characteristic8 aldehyde C -H  stretching vibra
tions at 2747 and 2890 cm - 1  and a carbonyl band at 1754 
cm -1 . Analyses of the crude aldehyde by vpc showed only 
trace amounts of cyclopentanone.

OH
I

(CH3)2CHCH2CHCH2CH(CH3)2 +  NIS —-  
3

0  CH2CH(CH3)2 

j _  J  +  NHS + HI

CH3

When 3 was treated at reflux with NIS in carbon tetra
chloride, 35-40% of the cyclic ether (3-methyl-l-isobutyl- 
tetrahydrofuran) was produced with only 3-5% formation 
of the corresponding ketone. Small amounts (2-3%) o f the 
C -C  cleavage products, 2 -methyl-l-iodopropane and 3- 
methylbutanal, were also found.

An nmr analysis of the ether, isolated from the vpc, 
produced overlapping doublets (§ 0.85, 0.96, 1.09, 9 H, 3 
CH3) and complex multiplets (5 3.1-4.2( 3 H, 1 CH2O and 
1 CHO and 5 1.2-2.4, 6 H, 2 CH2 and 2 CH). The mass 
spectrum of the ether included peaks with m /e  142 (M +) 
and 85. Infrared analysis of the ether showed an absence 
of both carbonyl and hydroxyl peaks.

The products formed from the reaction of the above 
three alcohols with NIS suggest that a hypoiodite inter
mediate is formed, possibly in an equilibrium step. (Bar
ton and his coworkers9 have prepared N-iodoamides with 
ieri-butyl hypoiodite.) An example of the proposed reac
tion pathway is given in Scheme I using 3 as the alcohol oxi
dized with NIS.

Once the hypoiodite is formed, visible light homolyti- 
cally cleaves the O-I bond to produce the sec-alkoxy radi
cal 5, which has several decomposition pathways available 
to it. The Barton-type reaction (route a) is the preferred 
decomposition route for this sec-alkoxy radical, while a 
small percentage of the radicals undergo C -C  bond cleav
age (route b). The small percentage o f ketone occurs 
(route c) presumably by radical disproportionation10 rath
er than by loss of a hydrogen atom or iodine atom hydro
gen abstraction.

However, the sec-alkoxy radicals 6 and 7 do not have 
the Barton reaction available to them and their decompo
sitions follow a route similar to pathway b, C -C  bond 
cleavage.

O

C6H5CHCH(CH:l)2
6 7

The products formed from the reaction of NIS with the 
three secondary alcohols studied indicate that an alkyl 
hypoiodite is probably formed as an intermediate. The 
alkyl hypoiodite then decomposes to produce ethers, al
dehydes, and alkyl iodides as major products. However, 
ketones are produced in small amounts. The mechanistic 
pathway for the formation of the ketones may involve the 
alkyl hypoiodite or it may involve hydrogen abstraction by 
the succinimidyl radical.

Experimental Section
A n a lyses  w ere carried  o u t  u s in g  a P e rk in -E lm e r  810 v p c  an d  a 

V a ria n  A erogra p h  M o d e l 700 v p c . In fra red  a n a lyses w ere d on e  
using  a P e rk in -E lm e r  337 gra tin g  in fra red  sp e c tro p h o to m e te r . 
N u c le a r  m a g n e tic  reson a n ce  sp e c tra  w ere d e te rm in e d  u sin g  a 
V a ria n  T -6 0 . Irra d ia tion  o f  th e  re a c tio n  m ix tu res  w as e ffe cted  
w ith  a G .E . P ro je c to r  S p o t  15 0-W , 130-V  tu n g ste n  la m p . T h e  N IS  
w as p u rch a sed  from  K  &  K  L a b o ra to r ie s  a n d  w as n o t  recry sta l
liz e d . T h e  a lco h o ls , k e ton es , b e n za ld e h y d e , iso p ro p y l iod id e , and  
in tern a l s ta n d a rd s  w ere p u rch a se d  from  M a th e so n  S c ie n t if ic  and  
w ere fra c t io n a lly  d is tille d . V p c  an alyses o f  th e  1 -p h e n y l- l -p ro p a -  
n o l a n d  2 ,6 -d im e th y l-4 -h e p ta n o l re a ctio n s  w ere p e r fo rm e d  u sin g  a
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7%  S E -3 0  an d  1 .5 %  C a rb ow a x  20M  6 -ft  c o lu m n . A ll rea ction s  
w ere ru n  at re flu x  an d  w ere irra d ia ted . T h e  rea ction s  w ere c o n 
t in u e d  u n til th e  re a c tio n  m ixtu re  gave a  n ega tive  test w ith  
s ta r ch -p o ta s s iu m  io d id e  p a p er. A  d e scr ip tio n  o f  th e  o x id a tio n  o f
2 ,6 -d im e th y l-4 -h e p ta n o l w ith  N IS  is g iv en  in  d e ta il. T h e  o th er  
tw o  re a ctio n s  w ere p e rfo rm e d  in a s im ila r  m an n er.

Reaction of 2,6-Dimethyl-4-heptanol with NIS. F ou r m ill i l i 
ters o f  a CCI4 so lu tion  c o n ta in in g  2 ,6 -d im e th y l-4 -h e p ta n o l (1 .57  
m m o l) an d  b ro m o b e n z e n e  (0 .93  m m o l)  w as a d d e d  to  a 10-m l 
p e a r -sh a p e d  fla sk . T o  th is  so lu tion  w as a d d e d  0 .182 g (0 .809 
m m o l) o f  N IS . T h e  m ix tu re  w as irra d ia ted , h e a te d  at re flu x , and  
stirred  for  6  h r. V p c  a n a lyses in d ica te d  a 39%  y ie ld  o f  3 -m e th y l- 
1 - is o b u ty lte tra h y d ro fu ra n , a 3%  y ie ld  o f  2 ,6 -d im e th y l-4 -h e p ta - 
n on e , an d  2%  y ie ld s  o f  2 -m e th y l- l- io d o p ro p a n e  an d  3 -m e th y lb u - 
tan a l.

T w o  rea ction s  (w ith  s ilver  a ce ta te  a d d e d  to  re d u ce  th e  d e c o m 
p o s itio n  o f  N IS  b y  H I) p ro d u ce d  42 a n d  45%  y ie ld s  o f  th e  te tra h y- 
d ro fu ra n  p ro d u c t  w ith  th e  o th er  p ro d u c ts  fo u n d  in th e  2 -4 %  
range. [T h e  a d d it io n  o f  "silver a ce ta te  g en era lly  gave a sm a ll ( 5 -  
7% ) in crease  in  th e  y ie ld  o f  te tra h yd ro fu ra n  w ith  n o  ch a n g e  in th e  
p e rcen ta g e  o f  th e  o th e r  p ro d u cts .]

Oxidation of Cyclopentanol with NIS. F ive  o x id a tio n s  o f  c y - 
c lo p e n ta n o l w ith  N IS  w ere p e r fo rm e d . V p c  an alyses o f  th e  r e a c 
t io n  m ixtu res , a fter 3 hr, sh ow ed  o n ly  tra ce  a m o u n ts  o f  c y c lo p e n - 
ta n o n e . T h e  u -io d o p e n ta n a l w as n o t  fo u n d  on  th e  v p c . E v a p o ra 
t io n  o f  th e  CCI4 so lv en t, a fter f iltra tio n  o f  th e  re a ctio n  m ixtu re , 
p ro d u ce d  an  o il. A n  n m r a n a lysis  o f  th e  o il sh ow ed  a tr ip le t  at 6 
9 .61  (C H O ) a n d  3.27 (IC H 2 ) an d  a c o m p le x  m u lt ip le t  a t  6 1 .6 - 2 . 0  

(C H 2 C H 2 C H 2 ) .  A  2 ,4 -d in itro p h e n y lh y d ra z o n e  d e r iv a tiv e  o f  the  
M -iod oa ldeh yde  gave a so lid  m e ltin g  at 12 6 -1 2 8 °. (T h e  2 ,4 -d in itro 
p h e n y lh y d ra z o n e  d e r iv a tiv e 4 o f  th e  p ro d u c t  o b ta in e d  from  th e  o x 
id a tio n  o f  cy c lo p e n ta n o l w ith  H g O  an d  I2 m e lte d  at 1 2 7 -1 2 8 °.)
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Sugar 1,2-enediols have been suggested as intermediates 
in acid-catalyzed dehydration reactions and alkaline deg
radation reactions, as well as in the interconversion of al
doses and related 2-ketoses3’4 (the Lobry de Bruyn-Al- 
berda van Eckenstein transformation). In previous experi
ments designed to test the importance of 1,2-enediols and

related enolic structures as intermediates in dehydration 
reactions, sugars were converted to 2-furaldehydes in acid
ified deuterium oxide or in tritiated water.5 The finding 
that D-xylose is converted in acidified, tritiated water to
2-furaldehyde which is devoid of carbon-bound isotope5 
suggests that 1,2-enediols, if formed, further react imme
diately. Otherwise significant isotope incorporation would 
have been detected at the aldehyde carbon atom of 2-fur
aldehyde as a result of aldose-ketose interconversion. It 
has recently been found, however, that D-glucose is con
verted to D-fructose in acidic solution via a reaction in
volving an intramolecular transfer of hydrogen from C-2 of 
D-glucose to C -l of D-fructose.6’7 In strong acid (2 N  sulfu
ric acid), the transfer appears to be complete and involves 
an isotope effect (K h/K t) of 4.3. Thus, in this case, the 
data are more consistent with a reaction mechanism in
volving an intramolecular C-2 —*■ C -l hydride transfer 
rather than the more generally accepted one involving a
1,2-enediol intermediate. These data suggest that aldose- 
ketose interconversion could easily have occurred, as a re
sult of hydride transfer reactions, during dehydration 
reactions and remained undetected during isotope acqui
sition experiments.

The purpose of the present work was to evaluate the 
importance of C-2 -*■ C -l hydride transfers during some 
typical dehydration reactions. This was studied by pre
paring D-xylose and D-glucose specifically tritiated on C-2 
and converting them to respectively 2-furaldehyde (I) and
5- (hydroxymethyl)-2-furaldehyde (II) in acidified water. A 
determination of the amount of carbon-bound tritium on 
the aldehyde carbon (which corresponds to C -l o f the 
original aldose) of I and II would provide information on 
the extent of C-2 —* C -l transfer occurring during the de
hydration reactions and, in addition, provide qualitative 
information on the extent of aldose-ketose interconversion 
occurring during the dehydration reactions.

D-Glucose-2-3/ /  was prepared by converting D-fructose
6- phosphate to D-glucose 6-phosphate in tritiated water 
using phosphoglucose isomerase, followed by treating the 
resulting crystalline D-glucose 6-phosphate with alkaline 
phosphatase. This procedure was essentially the same as 
was used to prepare D-glucose-2-2/ / . 8’9 That the D-glucose 
was tritiated only at C-2 is evident from the known10’11 
specificity o f the enzyme, which produces, at equilibrium 
in tritiated water, only D-glucose-2-3/ /  6-phosphate and 
D-fructose - l-3H  6-phosphate, with no isotope being pres
ent at C -l o f the aldose. Further proof o f this labeling spe- 
cificty also observed in the past when the same procedure 
was used to prepare D-glucose-2-2/ / , 8 which, from its nmr 
spectrum, was observed to be deuterated only at C-2. d - 
X ylose-2-3H  was prepared from D-glucose-2-3/ /  by con 
verting the latter to 1,2-O-isopropylidene-D-glucofuranose 
followed by periodate oxidation to give 1,2-O-isopropyli- 
dene-D-xylo-l,5-dialdose-2-3/ / .  Reduction o f the latter de
rivative with sodium borohydride gave 1,2-O-isopropyli- 
dene-D-xylofuranose-2-3/ / ,  which was hydrolyzed to give 
chromatographically pure D-xylose-2-3H.

D-Glucose-2-3/ /  was converted to II and a portion isolat
ed as the crystalline bisether12 oxybis(5-methylene-2-fur- 
aldehyde). The specific activity of the compound was 14% 
that of the starting sugar, indicating that each furan resi
due retained 7% of the radiochemical activity of the origi
nal D-glucose-2-3// .  A further portion of II was oxidized to
2-furoic acid which contained negligible activity indicat
ing that all of the carbon-bound tritium was located on 
the aldehyde carbon of II. Considering the isotope effect 
involved for the conversion of D-glucose-2-3/ /  to D-fruc- 
tose - l-3H, approximately 30% of the dehydration reaction 
would involve hydride transfer if the reactant were pro- 
tiated rather than tritiated.
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D-Xylose-2-3/ /  was converted to I in acidified water in 
33% yield. An aliquot o f I was converted to the crystalline 
phenylhydrazone which contained 13% the activity of the 
starting sugar. Conversion of a further aliquot of I to 2- 
furoic acid which was radiochemically inert showed that 
all of the radiochemical activity was located on the alde
hyde carbon of I.

The data collected established that intramolecular C-2 
—*■ C -l hydrogen transfers occur during dehydration reac
tions, probably as a result of conversion of aldoses to ke
toses as was established for the D-glucose to D-fructose 
conversion. It is noteworthy that analogous transfers in 
proceeding from 2-ketoses to aldoses have not yet been es
tablished in the case of chemical catalysis, and, for a 
complete assessment of the role and importance of reac
tion pathways involving intramolecular hydrogen shifts 
vis-à-vis 1,2-enediols, substantially more data will be re
quired.

Experimental Section
Materials and Methods. Radiochemical activities were deter

mined on a Packard Tri-Carb scintillation counter using a scintil- 
lant composed of two parts of a solution composed of 2 1. of tolu
ene, 8.25 g of 2,5-diphenyloxazole (PPO), and 0.25 g of l,4-bis-2-(4 
methvl-5-phenyloxazole)benzene (Me2POPOP), and one part of 
Triton X-100 (v/v). Ultraviolet spectra were obtained using a 
Coleman Model 124 recording double beam spectrophotometer. 
Thin-layer chromatography was performed using silica gel HF 
support with chloroform-methanol (95:5) as the eluent. Spots 
were visualized by uv light or by spraying with 10% ethanolic sul
furic acid followed by heating at 110° for 10 min. Paper chroma
tography was performed by the descending method using ethyl 
acetate-formic acid-acetic acid-water (18:1:3:4, v/v) as irrigant 
followed by visualization with aniline hydrogen phthalate spray 
reagent.13 D-Giucose-2-3/ /  was prepared enzymatically as de
scribed in previous reports6-7 and was diluted to a suitable level, 
as needed, with inert D-glucose, followed by recrystallization from 
water-ethanol.

Preparation of D-Xylose-2-3?/. D-Glucose-2-H (100 g, specific 
activity = 1.0 /¿Ci/mmol) was converted to l,2:5,6-di-0-isopropyl- 
idene-D-glucofuranose14 (mp, mmp 108°) in 54% yield and then to
1,2-O-isopropylidene-D-glucofuranose,14 which after recrystalliza
tion from ethyl acetate gave 25 g of material (mp, mmp 160°). 
This material was converted to syrupy 1,2-O-isopropylidene-D- 
xylo-l,5-dialdose-2-3H by periodate oxidation,15 and then reduced 
to 1,2-O-isopropylidene-D-xylofuranose with sodium borohy- 
dride.15 The resulting syrupy material was dissolved in 100 ml of 
0.1 N  sulfuric acid and refluxed for 1 hr. After neutralization with 
barium carbonate, the resulting filtered solution was evaporated 
to dryness at reduced pressure to give a syrup which contained 
only D-xylose as evidenced by paper chromatography. To this 
syrup was added .5 g of inert D-xylose and sufficient water to pro
duce a thick syrup, which slowly crystallized. The resulting crys
talline D-xylose-2-3// ,  which was isolated on a filter, washed with 
methanol, and dried in vacuo, had a specific activity of 2.42 x
10- 2 /iCi/mmol.

Conversion of o -G lu co s e -2 -3/ !  to II. D-Glucose-2-3/ /  (200 g, 
specific activity = 0.916 ¿iCi/mmol) was added to 2400 ml of 2 N  
sulfuric acid, and the solution was refluxed for 3.5 hr. The solu
tion was extracted three times with chloroform and the extract 
was dried over anhydrous sodium sulfate and evaporated to dry
ness. The II contained by the residue was isolated by preparative 
thin-layer chromatography and identified by its chromatographic 
flow rate, which was identical with a standard sample, and from 
its uv spectrum (Amax 278 mu), which was identical with that of a 
standard sample. The overall yield of II was approximately 15 mg 
as determined from spectral measurements. Approximately half 
of this sample was converted to the oxybis(5-methylene-2-fural- 
dehyde)12 by heating at 100° for 2 hr. The resulting material (mp 
113°) had a chromatographic flow rate and exhibited a uv spec
trum identical with those of an authentic sample. This material, 
amounting to 5.7 mg, was counted and found to have a specific ac
tivity of 0.154 ¿tCi/mmol. A further sample of II was converted to
5-(hydroxymethyl)-2-furoic acid,8 which was purified by prepara
tive thin-layer chromatography and had a thin-layer chromato
graphic flow rate and a uv spectrum identical with those of an 
authentic sample, amounted to 1.9 mg and had a specific activity 
of 8 x 10~3 pCi/mmol.

Conversion of n-Xylose-2-3H to I. This conversion was made 
in 6 N  sulfuric acid starting with 2.0 g of sugar (specific activity 
of 2.42 x 10-2 iiCi/mmol) as described previously.5 The 2-fural- 
dehyde-3/ /  contained in 250 ml of distillate was identified by its 
ultraviolet spectrum which showed maxima at 227 and 278 mp. 
Assuming a molar absorptivity of 16,000,16 the absorbance at 278 
mfi indicated a yield of 33%. The I in a 100-ml aliquot of the dis
tillate was converted to 2-furaldehyde phenylhydrazone-3! /  (mp, 
mmp 95°) which had a specific activity of 3.25 x 10-3 /iCi/mmoI. 
The I in a further 100 ml aliquot was converted to 2-furoic acid 
(mp, mmp 131°) which after purification by sublimation at 110° 
and 0.3 mm was found to be radiochemically inert.

Registry No.—I, 9 8 -0 1 -1 ; II, 6 7 -4 7 -0 ; D -xylose, 5 8 -8 6 -6 ; D -glu 
cose, 5 0 -9 9 -7 ; l,2 :5 ,6 -d i-0 -is o p r o p y lid e n e -D -g lu c o fu r a n o s e , 5 8 2 -
5 2 -5 ; 1 ,2 -O -iso p ro p y lid en e-D -g lu co fu ra n o se , 1 8 5 4 9 -4 0 -1 ; o x y b is(5 -  
m e th y le n e -2 -fu r a ld e h y d e ), 7 3 8 9 -3 8 -0 ; 2 -fu ra ld e h y d e  p h en y lh y d ra 
zone, 2 2 1 6 -7 5 -3 ; 2-fu roic  a cid , 8 8 -1 4 -2 .

References and Notes
(1) Journal Paper No. 6796 of the Missouri Agricultural Experiment Sta

tion.
(2) (a) Supported in part by grants from the Corn Refiners Association 

and the National Science Foundation Grant GP-38511. (b) To whom 
inquiries should be addressed.

(3) J. C. Speck, Jr., Advan. Carbohyd. Chem., 13, 63 (1958), and refer
ences therein.

(4) E. F. L. J. Anet, Advan. Carbohyd. Chem., 19, 181 (1964), and ref
erences therein.

(5) M. S. Feather, D. W. Harris and S. B. Nichols, J. Org. Chem., 37, 
1606 (1972).

(6 ) D. W. Harris and M. S. Feather, Tetrahedron Lett., 4813 (1972).
(7) D. W. Harris and M. S. Feather, Carbohyd. Res., in press.
(8 ) M. S. Feather and J. F. Harris, Carbohyd. Res., 15, 304 (1970).
(9) V. J. Topper, J. Biol. Chem., 225, 419 (1957).

(10) I. A. Rose and E. L. O’Connell, Biochim. Biophys. Acta, 42, 159
(1960).

(11) I. A. Rose and E. L. O'Connell, J. Biol. Chem., 236, 3086 (1961).
(12) A. P. Dunlop and F. Peters, "The Furans,” Wiley, New York, N. Y., 

1953, p 411.
(13) S. M. Partridge, Nature (London), 164, 443 (1949).
(14) O. T. Schmidt in "Methods in Carbohydrate Chemistry,” Vol. II, R.

L. Whistler and M. L. Wolfrom, Ed., Academic Press, New York, N. 
Y., 1963, p 321.

(15) R. Schaffer and H. S. Isbell, J. Res. Nat. Bur. Stand., 56, 191 
(1956).

(16) Reference 12, p 13.

Preparation and Characterization of Propiolyl Chloride
Walter J. Balfour,* Colin C. Greig, and Somyong Visaisouk

Department of Chemistry, University of Victoria, 
Victoria, British Columbia, Canada

Received September 10, 1973

Propiolyl chloride is the simplest of the acetylenic acid 
chlorides. We became interested in the compound, from 
the spectroscopic point of view, as part of a program to 
study the influence of conjugation and halogen substitu
tion on the energies and stabilities of (ir*, n) electronic 
states. While unsuccessful attempts to prepare propiolyl 
chloride have been reported,1 brief mention is made in the 
chemical patent literature of its use in dye and plastics 
manufacture.2

The present communication describes a straightforward 
synthesis from propiolic acid and phosphorus pentachlo- 
ride. The major product of the reaction is identified as

H C = C C O O H  +  P C 15 — ► H C = C C 0 C 1  +  P O Q , +  HC1 

propiolyl chloride from spectroscopic and chemical evi
dence. The boiling point of the propiolyl chloride prepared 
in this way does not correspond to that of a compound 
prepared by pyrolysis of a,|3-dichloropropionyl chloride, 
and claimed by Schaefer2*5 to be propiolyl chloride. Our 
product boils at 58-60° while Schaefer reports a boiling 
point in the range 72-75°.
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Experimental Section
Preparation. Propiolic acid (5 g, 0.07 mol) was added dropwise 

to a small excess of PCI5 (16 g, 0.075 mol) at room temperature 
over 3-4 hr. In early experiments the resulting clear, pale yellow 
liquid was fractionally distilled at atmospheric pressure through a 
10 -cm packed glass column, when a lachrymatory liquid, subse
quently characterized as propiolyl chloride, distilled at 58-60°. 
However, on several occasions the sample so obtained ignited 
spontaneously on exposure to air. On the assumption that this 
behavior was due to trace amounts of monochloroacetylene,3 
formed by thermal decomposition during distillation, purification 
was subsequently effected without heating. The reaction mixture, 
cooled to liquid nitrogen temperature, was allowed to warm up. 
On warming, the volatile components were pumped off through 
two cold traps, the first at ca. -78°, the second at ca. -135°. The 
trap at ca. —78° effectively removed all the POCI3 produced and 
propiolyl chloride was collected in the second trap in yields rang
ing from 45 to 60%.

Propiolyl chloride is a clear, colorless liquid which fumes slight
ly in air and slowly turns yellow on standing at room tempera
ture. It can be stored in the dark at Dry Ice temperature without 
appreciable decomposition.

Characterization. A. Spectroscopic Evidence. Ir spectra were 
recorded on a Beckman IR-20 grating spectrophotometer and the 
Raman spectrum on a Cary 81 He/Ne laser spectrophotometer. 
The pmr spectrum was obtained on a Perkin-Elmer R12A spec
trometer with tetramethylsilane as the internal standard. The 
mass spectrum was run on a Hitachi Perkin-Elmer RMU-7 dou
ble-focusing instrument. The elemental analysis was carried out 
on a Perkin-Elmer Model 240 C, H, N analyzer.

The gas-phase infrared spectrum of propiolyl chloride shows the 
expected relatively simple spectrum. Five strong peaks are found 
above 300 cm-1: 3332, 2120, 1771, 1000, and 659 c m '1, which can 
readily be assigned to the HC=, C=C, C = 0 , C-C, and C-Cl 
stretching modes, respectively. The corresponding (liquid) Raman 
displacements are found at ~3300 (vw), 2118 (s), 1747 (ms), 1005 
(w), and 653 c m 1 (s). The pmr spectrum in CDCI3 shows one 
sharp singlet at r 6.29.4 The parent ion is very weak in the mass 
spectrum. The most prominent peaks occur for m/e 53.006 
(12C31H160  = 53.003, 100%, M+ -  Cl). 59.979 (12C2aH35Cl = 
59.977, 15%, M+ -  CO), 28 (27%, CO), and 25 (25%, M+ -  
COC1).

B. Chemical Evidence. 1. Propiolamide was prepared by reac
tion of a solution of propiolyl chloride in methylene chloride at 
—30° with ammonia. Insoluble ammonium chloride was removed 
by filtration and recrystallization of the propiolamide from chlo
roform gave white crystals: mp 58-58.5° (lit.1 mp 60.5-61°); pmr 
(CDCI3) t 7.15 (s, 1 , C=CH) [lit.5 pmr (CC14) r 7.10]; mass spec
trum (70 eV) m/e 69.021 ( ^ C a W W ’O = 69.022, 94%, M+), 
53 (100%, M+ -  NH2), 44 (24%, M+ -  C2H), 41 (52%, M+ -  
CO).

2. 4.-Nitrophenyl propiolate was prepared by reaction of 4-ni- 
trophenol with propiolyl chloride under similar conditions to those 
of Miller.20 Recrystallization from C C I4 gave a white, crystalline 
solid, mp 135-135.5° (lit.2c mp 132-133°).

Anal. Calcd for C9H5NO4: C, 56.54; H, 2.64; N, 7.33. Found (ex
tended combustion): C, 55.93; H, 2.62; N, 7.23.

Ir (CHCls solution) 3300 (=CH), 3030 (ArH), 2130 (C=C), 
1755 (C =0), 1630, 1605, 1500 (aromatic C-C), 1540, 1360, 
(C-N02), 1185, 1020 cm- 1 (ArO-); pmr (CDCI3) r 1.73 (m, 2) and
2.64 (m, 2) (ArH), 6.82 (s, 1 , C=CH); mass spectrum (70 eV) 
m/e 191.020 (^ C gW 'W ^ O i = 191.022, 9%, M+), 174 (7%, M + - 
OH), 163 (11%, M+ -  CO), 53 (100%, M+ -  C6H4N03).
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During the course of our studies2-3 of metal carbonyl in
duced coupling of olefins to carbon monoxide, we have 
considered the nmr and stereochemical assignments3 of 
several polycyclic norbornyl systems. Difficulties encoun
tered in assigning proton resonances only slightly down- 
field from an internal tetramethylsilane standard has 
caused us to consider the stereochemistry of a double 
Diels-Alder adduct.

Two products are obtained from the Diels-Alder reac
tion between cyclopentadiene and norbornadiene4 (eq 1). 
Compound 2, an adduct formed from two molecules of cy
clopentadiene and one molecule of norbornadiene, is pro
duced in addition to diene 1. Marchand and Rose5 first 
reported the nmr assignments of diene I. Their assign
ment was later elaborated upon by Wege,6 who pointed 
out that the high-field doublet at 8 0.95 was due to the 5a 
proton. Proton 5s, which one might expect to be shielded 
by the A7 bond, is in fact sterically deshielded.6-7 By con
sidering the stereochemistry of adduct 2, we have con
firmed this assignment. In Table I we report additional 
assignments for strained olefin 1.

The nmr spectra of 2 are shown in Figure 1 with assign
ments tabulated in Table II. Diene 2 shows but one olefin- 
ic resonance (8 5.87), implying that 2 has a high degree of 
symmetry. Only two compounds, 2a and 2b, meet this re
quirement and have both external rings exo to the central 
ring. This latter requirement is discussed shortly.

The distinction between 2a and 2b is unequivocal and is 
based upon both spectral and reactivity data. First, the 
expected olefinic resonance for isomer 2b is 8 6.17, corre
sponding to the appropriate resonance found for diene 1 
and the corresponding monoene,2 3a. The observed olefin
ic resonance at 8 5.87 corresponds to the 7,8 protons of 1 
and the observed resonance for the monoene2 3b.
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Table IChemical Shift and Coupling Constant Assignments for Diene 1
Proton

Chemical shift, 
8 ppm

Coupling
constant Hz

1 , 4 2.47 J l , 5a 1 . 8

2, 3 6.17 J l , 5» 1 . 1
5a 0.95 c/l,2 1 . 6
5s 2.60 «■̂ 53,58 8.5
6 , 9 2.64 Jia.,11 0 . 6

7, 8 5.99 c/sS'2 0.3
1 0 a 1.19 J 6>7 2 . 0

1 0 s 1.33 J  6,10 1.7
1 1 , 1 2 2.19 < 6̂,12 0 . 8

^ 7 ,10a 0.5
v10a,10a 7.7

2b

Of equal importance is the reactivity of 2 toward cou
pling by Fe(CO)5. When diene 1 is treated with Fe(CO)5, 
it couples2'3 to form ketone la. Monoene 3a is also reac
tive in that it couples to the corresponding ketone, while 
3b is unreactive. On the basis of these data, we would ex
pect 2a to be unreactive while 2b would easily couple to a 
series of ketonic products. Diels-Alder adduct 2 is unreac
tive, leading us to conclude that 2a depicts the correct 
stereochemistry of the double Diels-Alder adduct.

Spin-decoupling studies have been particularly helpful 
in analyzing the nmr spectrum of 2a. Irradiation at 8 2.80 
(6, 9 protons decoupled) markedly changes the spectrum. 
The triplet at 8 5.87 collapses to a sharp singlet (J6i7 
= 2.0 Hz) while the triplet assigned to the 2,3 protons at 8
1.82 reduces to a moderately sharp singlet = 2.0 Hz). 
Further, the AB pattern of the doublet of triplets assigned 
to the 10s, 10a protons centered at 8 1.23 is converted to a 
simple AB pattern of singlets with a 10a, 10s geminal cou
pling constant of 8.0 Hz. The poorly resolved triplet cen
tered at 8 1.92, assigned to the bridgehead (1,4) protons, 
sharpens to a well-resolved triplet (J = 2.0 Hz). This 
sharpening is due to the removal o f long-range coupling 
(“ W ”  rule) between protons 1 and 9. The triplet could be 
due to proton 1 coupled to the two equivalent number 2 
protons, or to the equivalent (5) bridge protons. Decou
pling the 2,3 protons at 8 1.82 does not change the 1,4 
triplet, suggesting that the 1,4 protons are coupled to the

Table IIChemical Shift and Coupling Constant Assignments for Olefin 2
Proton

Chemical shift, 
5 ppm

Coupling
constant Hz

1, 4 1.92 J l . 5 2 . 0

2, 3 1.82 t f ï , 8 1 . 0

5, 5' 1.53 c/3, 6 2 . 0

6 , 9 2.80 <J&,7 2 . 0

7, 8 5.87 J  9.10 1.5
1 0 a 1.17 J  10a,10s 8 . 0

1 0 s 1.28

bridge (5) protons. This is not unusual for coupling be
tween bridge and bridgehead protons in norbornyl sys
tems.8 Further, the fact that J i,2 is unobserved implies9 
that the 2,3 protons are endo to the central norbornyl 
ring. Long-range coupling between protons 2,3 with 5' is 
observed when the 2,3 protons are irradiated.

Additional decoupling studies provide data which allow 
chemical shifts to be assigned to the 10s and 10a protons. 
Irradiation at 8 5.87 decouples the olefinic protons and 
sharpens the high-field portion of the AB pattern corre
sponding to the 10s, 10a protons. This is due to the loss of 
stereospecific coupling between the 7(8) and 10a protons. 
Therefore, the high-field absorption centered at 8 1.17 is 
assigned to proton 10a while the absorption centered at 6 
1.28 is assigned to the 10s proton. Similar conclusions are 
reported in the literature.5’10 The triplet assigned to the
2,3 protons also sharpens, since long-range coupling be
tween protons 2 and 8 is removed.
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In view of the assignment of 2 to stereochemistry 2a and 
the observation that the bridge protons (5) absorb at 5
1.53, there being no high-field resonance, we conclude 
that steric deshielding of the 5s protons in compounds 
such as 1 is operative.

Experimental Section
Proton magnetic resonance spectra were obtained in CDCI3 on 

a Bruker 90-MHz spectrometer and are reported downfield from 
an internal tetramethylsilane (TMS) standard. Diels-Alder ad
ducts were prepared according to literature procedures.4 We did 
find that the Diels-Alder reaction could be efficiently carried out 
in an annealed glass pressure bottle (Fisher and Porter) fitted 
with a pressure gauge, gas inlet, and pressure-release valve. Stan
dard chromatographic and liquid-liquid extraction procedures 
were applied where appropriate.
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We have recently described the reaction of a-halo ox
imes with nucleophiles which involves the stereoselective 
trapping of a reactive intermediate.1 This reaction can be 
summarized by eq 1, where X  is halogen and Nu is a nu
cleophile. As shown, it was suggested that the intermedi
ate might be a-nitrosostyrene (I), which reacts more rap
idly in the s-trans conformation than in the s-cis, giving 
the thermally unstable anti alkyl aryl ketoxime isomer.2 
The preparation of the previously unknown an ti-a -bro- 
moacetophenone oxime from 2a which had been obtained 
by the route of eq 1 was also reported.lb To explore the 
general synthetic utility of this reaction and to gain fur
ther insight into its mechanism, we have varied the na
ture of the nucleophile Nu in eq 1. In the present commu
nication we report the results of this investigation, includ
ing the facile, one-step conversion of la to anti-acetophe
none oxime (2d), a previously unisolated material.

slow
-HX

PhOCHoX 
la, X = Br

NO HO
fast 
Nu > 'N (1)

PhC=CH2J H
! PhCCHjNu

2a, Nu = N C)

b, Nu = s- ^ 0 ^ cH3
0

c, Nu = OCCR, 
A Nu = H

When la dissolved in acetonitrile is added to an aque
ous acetonitrile solution of NaBH.*, rapid evolution of a 
gas takes place. After 5 min at room temperature, extrac
tion of the reaction mixture gives in high yield a n ti-aceto
phenone oxime (2d). In the nmr spectrum (CDCI3), ab
sorption due to the methyl group of 2d occurs at 5 2.20 
ppm while the corresponding resonance in the syn isomer 
is detected at 2.28 ppm.3 The uv spectrum for 2d in etha
nol has Amax 235 nm (log t 3.86) compared to Amax 245 nm 
(log € 4.10) for the syn isomer. This difference is in agree
ment with previously reported spectra for isomeric alkyl 
aryl oximes.13’4 When 2d was refluxed in chlorobenzene 
solution, there was a gradual decrease in intensity of the 
methyl resonance at 2.20 ppm and a corresponding in
crease in intensity of a peak at 2.28 ppm, resulting in a 
final mixture composed of 5% 2d and 95% of the thermal
ly generated product. This material was isolated and 
identified as syrc-acetophenone oxime. A sample of 2d was 
subjected to Beckmann rearrangement conditions and the 
major product obtained was iV-methylbenzamide, con
firming the stereochemical assignment.5

The borohydride reduction of la to give 2d takes place 
in ethanol and 1,2-dimethoxyethane as well as in aqueous 
acetonitrile. In each of these solvents, 1 mol of NaBH.* is 
required for each mole of la reduced. When 0.5 mol of 
NaBH4 is used, 50% of la is converted to 2d while the re
maining 50% is recovered. The reaction was complete 
within 5 min at room temperature and longer reaction 
times did not affect the yields or isomeric composition of 
the product. In a control experiment, syn-acetophenone 
oxime was recovered unreacted from an aqueous acetoni
trile solution of NaBH4 . This finding agrees with results 
of previous workers.6

The conversion of la to 2d is thought to proceed via in
termediate I of eq 1. The HBr produced would be expect
ed to react with NaBH4 to release hydrogen gas. If inter
mediate I is in fact a-nitrosostyrene, as has been pro
posed,16 then the postulated NaBH4 reduction of I would 
be reasonable. It is known that the carbon-carbon double 
bond of 1-nitro alkenes7 and a/j-unsaturated aldehydes 
and ketones8 can be reduced by NaBH4 to give the corre
sponding 1-nitro alkanes and saturated alcohols. Conju
gate addition of borohydride to the proposed a-nitroso- 
styrene would result in an oxime product which is inert to 
further reduction. The anti stereochemistry of the product 
is in agreement with the previous results obtained with 
displacement by morpholine.1

We have also investigated the reaction of la with sulfur 
and oxygen nucleophiles. When p-tolyl thiolate is added 
to la in aqueous solution, the product isolated is anti-a - 
(p-tolylthio)acetophenone oxime (2b). The nmr spectrum 
(C D C I3 ) of 2b is similar to that of the syn isomer lb, pre
pared by an independent route (eq 2), except that the 
methylene resonance is shifted upfield by 0.27 ppm (S 4.17 
for the syn isomer and 5 3.90 for the anti isomer).3 Ther
mal isomerization of 2b in C D C I3 resulted in a mixture of
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14% 2b and 86% of the thermally generated product iden
tified as lb .

When la  was allowed to react with aqueous sodium ace
tate, anii-tt-acetoxyacetophenone oxime (2c) was isolated. 
The nmr spectrum (CDC13) of 2c showed a two-proton 
singlet at 8 4.97 and a three-proton singlet at 8 1.95. The 
corresponding peaks for the syn isomer ic  (prepared as in 
eq 2) are 8 5.30 and 2.00.3 Thermal isomerization of 2c in

OCH3

I
cch3

\ 0 œ (CH3)2C(OCH3)2

b
\

N N
II TsOH II

PhCCH2Br PhCCH2Br
la 3a

OCH3
l /C H ,

1/  ^C H ,

ch3
Nu

N
II

PhCCH2Nu

h3o+
N'

(2)

OH

PhCCHjNu 
3 1

b, Nu = S ch3

0

c, Nu =OCCH;,

a manner analogous to that o f 2b resulted in a mixture 
containing 20% 2c and 80% of the thermally generated 
product identified as lc .9

From the above results, it appears that the preparation 
of «-substituted oximes from the corresponding a-bromo 
oxime can be readily achieved with oxygen, nitrogen, and 
sulfur nucleophiles. The anti isomers can be produced di
rectly from the syn-a-bromo oxime (eq 1) while the syn 
isomers can be prepared by first protecting the oxime 
function (eq 2). The sodium borohydride reduction of a- 
halo oximes may prove to be a generally useful synthetic 
route to thermally unstable anti alkyl aryl ketoximes.

Experimental Section
All melting points are uncorrected. Nmr spectra were obtained 

on Varian A-60 or A-60A spectrometers. Uv spectra were ob
tained on a Cary 15 instrument.

anii-Acetophenone Oxime (2d). A 1,0-g (4.7 mmol) portion of 
la dissolved in 10 ml of CH3CN was added to a stirred solution of 
177 mg (4.7 mmol) of NaBH4 in 60 ml of water and 20 ml of 
CH3CN at room temperature. Rapid evolution of a gas occurred 
but ceased within a few minutes. The pH dropped from 8 to 6 
during this period. After 5 min the reaction mixture was extract
ed with CHCI3 to give 624 mg of white solid which contained 90% 
anti- and 10% syra-acetophenone oxime as measured by nmr. This 
material was crystallized from CHCl3-petroleum ether (bp 30- 
60°): mp 81-83°; nmr (CDCI3) 8 9.7 (1 H, broad), 7.3-7.7 (5 H, 
m), 2.20 (3 H, s); uv XmSx (EtOH) 235 nm (log e 3.86), Xmai (hex
ane) 231 nm (log e 3.89).

Anal. Calcd for C8H9NO: C* 71.09; H, 6.71; N, 10.36. Found: C, 
70.89; H, 6.72; N, 10.30.

Thermal Isomerization of 2d. A 500-mg portion of 2d was dis
solved in chlorobenzene and refluxed at 132°. An nmr analysis 
showed that the equilibrium mixture consisted of 5% 2d and 95% 
syra-acetophenone oxime. This material was crystallized from pe
troleum ether, mp 58.5-59.5°, mmp with syn-acetophenone oxime
59.5-60.5°.

Beckmann Rearrangement of 2d. To a stirred suspension of 
242 mg (1.16 mmol) of PC15 in 5 ml of benzene was added 157 mg 
(1.16 mmol) of 2d dissolved in 5 ml of benzene. After 1.0 hr at 
room temperature, the reaction mixture was combined with 10 ml

of benzene in a separatory funnel. Water was added and the mix
ture was shaken well. After extractions with 10% K2CO3 and 
water, the benzene portion gave 82 mg of white solid. A CHCI3 
extraction of the aqueous portion gave an additional 63 mg of 
white solid. An nmr analysis indicated that 80% of the recovered 
145 mg of material was N-methylbenzamide. The remaining 20% 
was acetanilide.

Borohydride Reduction of la in Ethanol and Dimethoxyeth- 
ane (DME). The procedure followed here was similar to that for 
the aqueous CH3CN reaction described above except that ethanol 
or DME were used as solvents. With DME the reaction mixture 
was heterogeneous owing to the low solubility of NaBH4 in that 
solvent. The work-up for both solvents consisted of adding the 
reaction mixture to water and extracting with CHCI3. The major 
product obtained in each solvent was identified by nmr as anti
acetophenone oxime.

Stoichiometry of the Borohydride Reduction of la. The re
ductions described above for aqueous CH3CN, EtOH, and DME 
solvents were carried out on a small scale with accurately 
weighed reagents. The borohydride was assayed by an iodometric 
procedure10 and found to be approximately 100% pure. An aque
ous solution of NaBHi at pH 8 showed no deterioration after 5 
min at room temperature. The ratio of materials obtained by ex
traction of the reaction mixtures was determined by nmr. When
1.0 mol of NaBH4 was used, the yield of acetophenone oxime was 
greater than 97%. When 0.5 mol of NaBH4 was used, the yield 
ranged from 41 to 52%. These yields are based on the recovered 
mixture of starting material la and products, which was typically 
about 95% of the theoretical amount.

Control Reaction of NaBH4 with syn-Acetophenone Oxime. 
A 190-mg (1.4 mmol) portion of syra-acetophenone oxime in 3 ml 
of CH3CN was added to 53 mg (1.4 mmol) of NaBH4 dissolved in 
a mixture of 20 ml of water and 7 ml of CH3CN. After 30 min at 
room temperature, CHC13 extraction gave 183 mg of material 
identified by nmr as recovered syra-acetophenone oxime.

arafi-a-(p-Tolylthio)acetophenone Oxime (2b). The solvents 
used in the preparation of 2b were deoxygenated by bringing to 
reflux and cooling under a stream of nitrogen. A solution of p- 
tolyl thiolate was prepared by adding 100 ml of an ethanolic solu
tion containing 6.2 g (0.05 mol) of p-toluenethiol to a solution 
containing 0.05 mol of NaOH in 300 ml of water and 50 ml of eth
anol. This slightly turbid solution was stirred under a stream of 
nitrogen while 2.14 g (0.01 mol) of syra-a-bromoacetophenone 
oxime (la) in 50 ml of ethanol was added. After a few minutes at 
room temperature, the resulting solution (very turbid) was ex
tracted with CHCI3 to give 2.4 g of an oil which solidified when 
the last traces of solvent were removed. Crystallization from 
CCfi-petroleum ether gave colorless needles: mp 84.0-85.0°; nmr 
(CDCI3) 8 8.5 (1 H, broad), 7.0-7.5 (9 H, m), 3.90 (2 H, s), 2.28 (3 
H, s).

Anal. Calcd for C15H15NOS: C, 69.99; H, 5.88; N, 5.45; S, 
12.47. Found: C, 70.04; H, 5.92; N, 5.42; S, 12.35.

Thermal Isomerization of 2b. A 100-mg portion of 2b was dis
solved in CDCI3, placed in a sealed nmr tube, and heated at 100° 
until nmr analysis showed no further change. The equilibrium 
mixture consisted of 14% 2b and 86% lb. The mixture was crys
tallized from hexane, mp 83.5-84.0°, mmp with lb 83.5-84.5°.

antt-a-Acetoxyacetophenone Oxime (2c). To a stirred solution 
of 14 g (0.1 mol) of sodium acetate trihydrate in 200 ml of water 
and 50 ml of CH3CN was added 2 g (0.009 mol) of la in 40 ml of 
CH3CN. After 1 hr at room temperature, the reaction mixture 
was extracted with CHC13 to give l.V g xif an oil which was crys
tallized from CHCl3-petroleum ether: mp 47.5-49.5°; nmr 
(CDCI3) 8 8.4 (i H, broad), 7.3-7.7 (5 H, m), 4.97 (2 H, s), 1.95 (3
H, s).

Anal. Calcd for CibHnNOg: C, 62.17; H, 5.74; N, 7.25. Found: 
C, 61.97; H, 5.78; N, 7.21.

Thermal Isomerization of 2c. A 63-mg portion of 2c was 
subjected to conditions similar to 2b described above. The equi
librium mixture contained 20% 2c and 80% lc. The isomerization 
product could not be crystallized but had an nmr spectrum identi
cal with that of lc.

syn-a-Bromoacetophenone Oxime Ketal (3a). A solution of
1.0 g (4.68 mmol) of la, 2.44 g (23.4 mmol) of 2,2-dimethoxypro- 
pane, 45 mg (0.23 mmol) of p-toluenesulfonic acid monohydrate, 
and 20 ml of CH2CI2 was refluxed overnight. The solution was ex
tracted with 1 M  NaHC03 and the solvent was removed to give
I . 22 g of an oil, nmr (CDCI3) 8 7.3-7.85 (5 H, m), 4.37 (2 H, s), 
3.33 (3 H,s), 1.57 (6 H, s).

syra-a-(p-Tolylthio)acetophenone Oxime Ketal (3b). p-Tol- 
uenethiol (0.54 g, 4.34 mmol) was dissolved in 50 ml of deoxygen-
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ated EtOH, and 2.0 ml of an aqueous 2.08 M  NaOH solution was 
added. To this slightly turbid solution was added 0.62 g (2.17 
mmol) of 3a in 5 ml of EtOH. The reaction mixture was stirred at 
room temperature overnight. The solvent was evaporated and the 
residue was dissolved in ether and extracted with 10% K2CO3 so
lution. Removal of the ether gave 0.61 g of an oil, nmr (CDCI3) 5
7.0-7.7 (9 H, m), 4.12 (2 H, s), 3.20 (3 H, s), 2.30 (3 H, s), 1.42 (6 
H, s).

syn-a-(p-Tolylthio)acetophenohe Oxime (lb). A solution of 
0.61 g of 3b in 10 ml of CH3CN was added to a mixture of 100 ml 
of aqueous 0.1 M  H C1 and 40 ml of CH3CN and was stirred at 
room temperature for 30 min. Extraction of the heterogeneous 
reaction mixture with CHCI3 gave 0.49 g of an oil which was crys
tallized from hexane: mp 84.0-85.0°; mmp with 2b 61.5-66.0°; 
nmr (CDCI3) 5 8.9 (1  H, broad), 6.9-7.65 (9 H, m), 4.17 (2 H, s),
2.28 (3 H,s).

Anal. Calcd for Ci5H15NOS: C, 69.99; H, 5.88; N, 5.45; S, 
12.47; Found: C, 70.08; H, 5.88; N, 5.47; S, 12.47.

syn-a-Acetoxyacetophenone Oxime Ketal (3c). A heterogene
ous mixture containing 0.6 g (2.1 mmol) of 3a, 1.0 g (7.35 mmol) 
of sodium acetate trihydrate, and 70 ml of CH3CN was refluxed 
overnight. The reaction mixture was iooled and filtered, and the 
solvent was removed from the filtrate. The residue was taken up 
in ether and extracted with bicarbonate solution. The ether was 
removed to give 0.51 g of an oil, nmr (CDCI3) 5 7.3-7.75 (5 H, m),
5.26 (2 H, s), 3.28 (3 H, s), 1.97 (3 H, s), 1.53 (6 H, s).

syn-a-Acetoxyacetophenone Oxime (lc). Removal of the ketal 
group was similar to the procedure for lb. Work-up gave 380 mg 
of an oil which could not be crystallized, nmr (CDCI3) 6 9.8 ( 1  H, 
broad), 7.2-7.7 (5 H, m), 5.30 (2 H, s), 2.00 (3 H, s).
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Communications
Stereospecific Synthesis of 1-Substituted 

Pyrrolizidines1
Summary: A two-step stereospecific route to 1-substituted 
pyrrolizidines was achieved from IV-formyl-L-proline.

Sir: Interest in the 1-substituted pyrrolizidine skeleton 
derives chiefly from its presence in a number of widely 
distributed alkaloids2 and from the pharmacological ac
tivity of these compounds.3

Previous syntheses of 1-substituted pyrrolizidines are 
multiple-step procedures.4 This report describes a two- 
step stereospecific route that gives the thermodynamically 
less stable racemate 5 in 80% overall yield. Since com 
plete epimerization at Ci to the more stable racemate is 
known to proceed with high yield,5 this is a preparative 
procedure to obtain derivatives of the heliotridane 4 and 
pseudoheliotridane 7 series, from a single intermediate 3.

The synthesis was accomplished starting with the readi
ly available IV-formyl-L-proline® (1) [mp 88-91°, [a ]20D 
— 125° (c 1, EtOH)] prepared in quantitative yield from 
L-proline and acetic-formic anhydride. Cycloaddition of 
ethyl propiolate to 1 (5 equiv of ethyl propiolate in acetic 
anhydride at reflux for 2 hr) afforded the ester 3® in 90% 
yield after silica gel column chromatography using chloro
form as eluent.

C02Et

4, R = CH3 7, R = CH¡
5, R = C02Et 8, R = C02Et
6, R=CH2OH 9, R = CHoOH

It is reasonable to assume that a 1,3 dipole,7 2, is the 
intermediate in the conversion of 1 to 3.

Hydrogenation of 3 was carried out in ethanol as solvent 
under 3 atm of hydrogen for 24 hr with 10% palladium on 
carbon (amount equal weight of substrate 3) to afford the 
stereochemically pure8 ethyl (±)-isoretronecanolate (5)® 
in 93% yield, picrate mp 119-121° (lit.4b mp 119.5-120°), 
picrolonate mp 183-189° (lit.46 mp 186-189°). Reduction 
of 5 to ( ± )-isoretronecanol (6), picrate mp 187-189° (lit.4b
189.5-190°), picrolonate mp 174-176° (lit.4b 176-177°), as 
described411 provided final identification of the structure 
and stereochemistry of product 5.
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The Convenient Stereospecific Synthesis of Terminal Acetylenes via the Treatment of Lithium
Ethynyltrialkylborates with Iodine

Summary: Lithium ethynyltrialkylborates, readily pre
pared from lithium acetylide-ethylenediamine and trialk- 
ylboranes, react readily with iodine to produce in high 
yield the corresponding terminal alkylacetylene with 
complete retention of the stereochemistry of the boron- 
carbon bond.

Sir: Treatment of lithium 1-alkynyltrialkylborates with 
iodine under very mild conditions produces the corre
sponding internal acetylenes in essentially quantitative 
yields1 (eq 1). However, when we attempted to extend

Li[R3BC=CR'] +  I, —^ RC=CR' (1)

this synthesis to the preparation of the corresponding ter
minal acetylenes, the results were highly unsatisfactory. 
For example, treatment of monolithium acetylide2 with 
tri-n-butylborane produced the lithium ethynyltri-n- 
butylborate (14B nmr +17.3 ppm). Treatment of this 
complex with iodine at -7 8 °  provided 1-hexyne in a yield 
of only 24% (glpc analysis). However, when the commer
cially available lithium acetylide-ethylenediamine3 was 
used, the reaction proved far more favorable. Addition of 
1 molar equiv' of tri-n-butylborane to a suspension of the 
reagent in tetrahydrofuran (THF) resulted in a slightly 
exothermic reaction and solution of the suspension. Addi
tion of iodine at -78 ° followed by warming to room tem
perature produced 1-hexyne in a yield of 75%.

The reaction was then applied to representative organo- 
boranes. Even better results, in the range of 84-94%, were 
obtained with the great majority of the trialkylboranes.4 
Representative results are summarized in Table I.

The following procedure for the preparation of cyclohex- 
ylethyne is representative. A dry 100-ml flask equipped 
with septum inlet and magnetic stirring bar was flushed 
with nitrogen. The flask was charged with 2.02 ml o f 2.46 
M  borane in THF (5.0 mmol of borane) and 7 ml of dry 
THF. Cyclohexene (15.0 mmol) was added to the solution 
and the mixture stirred overnight at room temperature. 
(Alternatively, the solution may be heated at 50° for 3 hr 
to complete the hydroboration of this relatively sluggish 
olefin.) To the solution was added 0.50 g (5.09 mmol) of 
lithium acetylide-ethylenediamine (Ventron Corp.). (The 
lithium acetylide reacts slowly with air and moisture and 
should be handled in a glove bag.) The solution was

731
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Table ISynthesis of Terminal Acetylenes by the Treatment of Lithium Ethynyltrialkylborates Ethylen ediamine with Iodine
Yield,

Olefin in R3B Product %“
1-Butene l-Hexyne 75
2-Butene 3-Methyl-l-pentyne 84
2-Methylpropene 4-Methyl-l-pentyne 94
Cyclopentene Cyclopentylethyne 85
1-Methylcyclopentene írares-2-Methylcyclo-

pentylethyne
90

Cyclohexene Cyclohexylethyne 92

“ Analysis by glpc with yield based on R 3B.

stirred for 2  hr at room temperature and then cooled to 
-7 8 ° . Iodine, 1.27 g (5.0 mmol), in 6 ml of THF was 
added dropwise to the solution with vigorous stirring. 
After 90 min at -7 8 °, the solution was brought to room 
temperature and treated with 5 ml of 40% potassium hy
droxide, and the aqueous phase saturated with potassium 
carbonate. Analysis by glpc revealed the presence of 4.6 
mmol (92% yield) o f cyclohexylethyne.

Many reactions of organoboranes proceed to provide 
products which retain the stereochemistry of the boron- 
carbon bond .5 On the other hand, some reactions which 
proceed through free-radical intermediates involve the loss 
of such stereochemistry.6 Accordingly, it appeared desir
able to establish the stereochemistry of the present syn
thesis.

The trialkylborane from 1-methylcyclopentene was se
lected for this study. Oxidation with alkaline hydrogen 
peroxide produces 1 0 0 % trans-2 -methylcyclopentanol, 
with only a trace of 1 -methylcyclopentanol.5 The acety
lene product obtained from this organoborane was indi
cated to be a single isomer, presumably the trans deriva
tive (eq 2 ) by glpc analysis.

This conclusion was confirmed by dihydroborating the 
product with dicyclohexylborane (R2BH). Oxidation with 
alkaline hydrogen peroxide7 produced 2 -(irans-2 -methylcy- 
clopentane)ethanol and protonolysis8 with propionic acid 
produced frans-l-ethyl-2-methylcyclopentane (eq 3). In 
each case, the isomeric purity of the products was con
firmed by glpc comparison with authentic samples of the 
cis and trans isomers. In both cases, only the trans iso
mers could be detected.

One of the major conventional methods for the prepara
tion of terminal acetylenes involves nucleophilic displace
ment of halides or sulfates by the acetylide ion. The reac
tion proceeds in a satisfactory manner only with those pri
mary derivatives which readily participate in Sn2 substi
tution processes. However, the present procedure accom
modates, in addition to primary alkyl groups, highly 
branched groups, secondary, and alicyclic groups, groups 
which are often relatively resistant to nucleophilic substi

tution. Furthermore, the transfer of alkyl groups from 
boron to the acetylenic carbon with retention further ex
tends the range of applicability of this .procedure. Conse
quently, this development provides a general, stereospe
cific synthesis of monoalkyl- and monocycloalkyl- 
acetylenes under exceptionally mild conditions. The dis
covery that lithium acetylide-ethylenediamine may be 
used to prepare lithium ethynyltrialkylborates now makes 
possible the extension of the many interesting new reac
tions of the lithium 1 -alkynyltriorganoborates9 to the par
ent compound.
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Alkylation of the Dianion of /3-Keto Sulfoxides. A Versatile Synthesis of Phenyl (2-Oxoalkyl) Sulfoxides. 
A General Route to Ketones, 1,4 Diketones, and Aldols
Summary: General synthetic routes to phenyl (2-oxoalkyl) 
sulfoxides, ketones, 1,4 diketones, and aldols have been 
realized via dianions of d-keto sulfoxides.

Sir: We wish to report that dianion 3 derived from phenyl 
(2 -oxopropyl) sulfoxide ( 1 ) can be generated and under
goes specific alkylation at the 7  carbon atom (eq 1). In 
addition, dianions derived from 7 -substituted d-keto alkyl 
sulfoxides undergo exclusive alkylation at the 7  carbon 
(eq 2). The specific alkylation at 7  carbon of 1 and 4 via 
dianions 3 and 5, respectively, makes phenyl (2-oxopro- 
pyl) sulfoxide ( 1 ) a useful reagent in organic synthesis 
(vide in fra) and provides a general high yield synthesis of 
d-keto sulfoxides. Russell1 and Corey2 have previously 
shown that esters react with dimethyl sulfoxide anion to 
produce d-keto sulfoxides (eq 3). In addition, it had been 
reported2 that compounds such as I could be reductively 
cleaved (aluminum amalgam) to yield methyl ketones. 
More recently it has been demonstrated that lithiated 
chloromethyl phenyl sulfoxide reacts with aldehydes af
fording an adduct which upon treatment with methyllith-
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ium produced phenyl (2-oxoalkyl) sulfoxides (eq 4) .3 Pro
cedures for the mono- and dialkylation at the a carbon of 
/8-keto sulfoxides of type I have been reported;4 however, 
no report describing the specific 7 -alkylation of dianions 
derived from /3-keto sulfoxides (e.g., 3 and 5) has been re
ported .5

0 0

NaH I -
c6h5sch2coch3 c6h5schcoch3

1 2
0

t-

BuLi

C6H5SCHCOCH2 C6H5SCH2COCH2R (1 )

0

Î
0

C6H5SCH2COCH2R — * C6HsSchcoch r  
4 5

0

t
C6H5SCH2COCHRR' (2) 

6

0 0 0
Î

RCOCH2CH3 +  CH2SCH3 — ► CH3SCH2COR
I

/
Cl

0
Î / C1! /  CH^Li

C6H5SCH +  RCHO — ► C6H5SCHCHR 

X Li OLi

(3)

0

Î
C6H5SCH2COR (4)

Treatment of phenyl (2 -oxopropyl) sulfoxide6 ( 1 ) with 
sodium hydride in anhydrous THF produced the soluble 
monoanion 2 , and subsequent metalation of 2  with n- 
butyllithium generated dianion 3. When a solution of 3 in 
THF was treated with a variety of alkylating agents, in
cluding isopropyl iodide, a facile reaction occurred. The 
monoalkylated products were isolated in good yield (Table 
I). Yields have not been optimized.

Table IAlkylation of Dianion from C 6H 5S(—>-0)CH2C 0 C H 3

RX
Yield of
4,a-b %

c h ,c h 2c h 2c h 2i 78c
(CH3)2CHI 73'
c 6h 3c h 2c i 63
CH 2= C H C H 2Br 65=
Geranyl bromide 61
m-Methoxybenzyl bromide 80

0 All substances exhibited nmr, ir, and analytical data in 
accord with the assigned structures. 6 Crude yields were on 
the order of 80-90% . c Yield refers to crystalline material 
obtained by direct crystallization from crude product.

three-proton singlet at 5 ~2.23 further indicated that al
kylation occurred exclusively on the 7  carbon.

We have also alkylated 7 -substituted d-keto sulfoxides. 
Treatment of phenyl (2-oxoheptyl) sulfoxide (4, R = 
n-Bu) with sodium hydride in THF followed by metala
tion with n-BuLi afforded dianion 5 (R = n-Bu) which 
upon addition of benzyl chloride resulted in a 72% isolat
ed pure yield of 6 (R = n-Bu; R ' = benzyl). Similarly, allyl 
bromide, l,3-dichloro-2-butene, and geranyl bromide un
derwent 7 -alkylation.

Specific alkylation at the 7 -carbon atom of 1 provides a 
general route to phenyl (2 -oxoalkyl) sulfoxides which al
lows for an attractive synthetic route to a wide variety of 
methyl ketones8 via reductive cleavage of the carbon-sul
fur bond .2 To demonstrate the efficiency of this ketone 
synthesis, we have carried out the synthesis of geranyl- 
acetone (8 ) (eq 5). Sulfoxide 1 (1 equiv, 1 M  in THF) was

converted into monoanion 2  by treatment with a sodium 
hydride (1.1 equiv) in 1  ml of THF. After stirring at room 
temperature for 30 min, monoanion 2 was treated with n- 
butyllithium (1.1 equiv). After 20 min, geranyl bromide 
(1.1 equiv) was added. Stirring was continued for 10 min 
followed by the usual work-up. There was obtained after 
chromatography a 61% isolated yield of pure /3-keto sulf
oxide 7. Reductive cleavage of 7 with aluminum amalgam 
in 10% aqueous THF at 80° for ~  1  hr afforded a 90% yield 
of geranylacetone (8 ) which was identical (nmr, ir, mass 
spectrum, glc) with an authentic sample.9

Dianions o f /3-keto sulfoxides undergo aldol reactions 
with carbonyl compounds. We have found that reaction of 
dianion 3 with benzophenone gave the aldol product 9 in 
80% yield which upon treatment with A l/H g afforded the 
aldol 10 in 90% yield (eq 6 ). Similarly, acetophenone 
reacted with dianion 3 affording adduct 11 in 77% yield 
which upon reductive cleavage afforded aldol 1 2  in 80% 
isolated pure yield (eq 7). The synthetic route outlined 
permits ready access to aldols (e.g., 1 0  and 1 2 ) which are 
not readily available by alternate procedures.

0

3 +  (CeH^CO
î I

OH

C6H5SCH2COCH2C(C6H5)2

9
OH

CH3COCH2C(C6H5)2 (6 )

3 + CTTCOCH,

0  OH
t I

C6H5SCH,COCH2CC6H5

I
ch3

11
OH

CH3COCH2CC6H5 (7)

It was evident from the nmr spectra that alkylation oc
curred exclusively at the 7  carbon. Spectral analysis of 
the crude reaction mixture failed to give any evidence of 
alkylation at the a carbon atom, dialkylation or O-alkyla- 
tion. The nmr spectra of 47 have a two-proton singlet at b 
3.75 due to the a-methylene protons. The absence of a

CH3

12
Finally, we wish to report that dianion 3 reacts with a 

variety o f epoxides, 10 thus providing a convenient route to 
1,4 diketones (eq 8 ). Treatment o f cyclohexene oxide with
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14 15

C. S. Pogonowski, Synthesis, 425 (1973)]. For a review on dianions 
of /3-dicarbonyl compounds, see T. M. Harris and C. M. Harris, 
Org. React., 17, 155 (1969); L. Weiler, J. Amer. Chem. Soc., 92, 
6702 (1970).

(6 ) Prepared by treatment of phenyl (2-oxopropyl) sulfide with sodium 
metaperiodate in aqueous methanol at 0° [C. R. Johnson and H. E. 
Keiser, Org. Syn., 46, 78 (1966)].

(7) The nmr spectrum of phenyl (2-oxopropyl) sulfoxide has the fol
lowing signals: 6 (CCI„) 2.23 (s, 3 H, COMe), 3.80 (s, 2 H, -CH2-), 
7.55 (m, 5 H).

(8 ) One can prepare a- and y-substltuted /3-keto sulfoxides (e.g., i) 
which provides for a general route to ketones (unpublished results,
P. A. Grieco and C. S. Pogonowski).

dianion 3 in THF at room temperature for 24 hr resulted 
in an 85% crude yield of ketol 13 (a 54% isolated yield of 
pure 13, mp 104-105°, was obtained by direct crystalliza
tion of the crude product). Cleavage of the carbon-sulfur 
bond was achieved (Al/H g) in aqueous THF as previously 
described in 85% yield. Jones oxidation of 14 followed by 
aldol condensation afforded hydrindenone 16 in 70% over
all yield from 14.

To further demonstrate the efficiency of this synthetic 
scheme, we have carried out the synthesis of dihydrojas- 
mone11 (20) as illustrated in eq 9. Reaction of the epoxide

20
derived from 1-octene with dianion 3 in THF provided an 
80% yield of ketol 17 (17 was in equilibrium with its cy
clic hemiacetal). Oxidation followed by reductive cleavage 
and cyclization afforded dihydrojasmone (20) which ex
hibited spectral properties in agreement with published 
data.11

This novel and efficient method for the construction of
1,4 diketones makes dianions of /3-keto sulfoxides useful 
intermediates in organic synthesis. In addition, dianion 3 
should provide an attractive synthetic route to a wide va
riety of ketones and aldols.8
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a-Disulfide Carbonium Ions
Summary: Evidence from solvolysis studies on chloro- 
methyl methyl disulfide and spectroscopic studies with 
various disulfides is taken to indicate that acyclic a-disul- 
fide carbonium ions are far less stable than a-sulfide car
bonium ions.

Sir: While carbonium ion stabilization by adjacent thiyl 
groups is well-known,1 the stability of a-disulfide carboni
um ions has not been reported. In connection with studies 
involving a-heteroatom-substituted alkyl disulfides2 we 
required information on the properties of the methyldi- 
thiomethyl cation (shown in various canonical or valence 
tautomeric representations la—Id) and its alkyl-substitut
ed derivatives. In this communication we present the pre
liminary results of our investigation.

H2C— s
+ + \ /

h2c — s— sch3 h2c = s — sch3 +s h ,c = s= sch :,
ch3

la  lb  lc  Id

We have determined the rate of hydrolysis of 
C H 3 S S C H 2 C I3 under SnI conditions, following the gener
al procedure used by Bordwell in his classical study of the 
hydrolysis of a-chloro sulfides.1® The hydrolysis of a 
~0.005 M  solution of the a-chloro disulfide in 50% diox- 
ane-water at 34.85° was followed using either an automat
ic titrator or a conductivity cell.4 Least-squares analysis of 
data obtained from a duplicate run using a photometric 
titrator5 automatically maintained at the pH 4.6 Brom- 
phenol Blue end point gave a first-order rate constant of
1.82 X 10~4 sec“ 1 (correlation coefficient 0.995). A com 
parison of the rate constants for hydrolysis of 
C H 3 S S C H 2 C I and C H 3 S C H 2 C I (Table I) indicates a rate 
retardation for the former of over 6800, providing clear ev
idence for the decreased stability of C H 3S S C H 2+ com 
pared to C H 3S C H 2+ .
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Table IRate Constants for the Hydrolysis of Chloromethyl Methyl Disulfide and Some Related Compounds at 34.85° in Aqueous Dioxane
Compd k X 105 sec Ref

p -N 0 2C6H4SCH2Cl 5.7
CH3SSCH2C1 18
(CH3)3CC1 58
CeHsSCH.Cl 560
CH3SCH2C1 123,000

la
This work 

la, this work 
la  
8

Spectroscopic data on alkyl and vinyl disulfides and sul
fides is also consistent with the lesser stability of a-disul- 
fide carbonium ions compared to the corresponding a- 
thiyl carbonium ions. Thus, while the mass spectra of di
alkyl sulfides show a prominent a-fission fragment (i.e.,

■+ -E t-
re-PrSPr-n ---- ► ra-PrSCHz+ (1 )

eq 1 , 86% base) ,6-7 this same process is insignificant in the 
mass spectra of dialkyl disulfides (i.e., eq 2, 0.09% base) . 6

should also increase with decreasing ring size since ex
tended conjugation (as in lb  and Id) should relieve lone 
pair repulsions. This postulate finds some support in the 
following observations: ( 1 ) the base peak in the mass 
spectrum of l,2-dithiolane-3-carboxylic acid (4a) corre
sponds to ion 3a while in the mass spectrum of 1,2-di- 
thiane-3-carboxylic acid (4b) the peak corresponding to 
the M -  C 0 2H ion 3b represents only 29% of the base in
tensity; 14 (2) 1,2-dithiolane S-oxide 5 undergoes a Pum- 
merer rearrangement (presumably involving a carbonium 
ion such as 6 as a key intermediate) on treatment with 
acetic anhydride, 15 while, in our hands, ferf-BuS- 
S (0 )M e 16 was unreactive under the same conditions. 1 7 -18

HOOCT
— (CH2)„

Is— s
4a, re = 2 b, n  = 3

■ + -E t-
re-PrSSPr-re ---- *■ re-PrSSCH2+ (2)

The extent of shielding of vinyl protons in the nmr spec
tra of vinyl compounds (CH2= C H X , X  = RS, R2S+, RO, 
R2N, R3SO has been used as a measure of the importance 
of electron-donating resonance structures such as 
_ CH2—C H = X +  in competition with inductive and conju- 
gative electron-withdrawing effects as in +CH2— C H = X  ,9 
The fact that (3 protons of vinyl disulfides are less shielded 
than (3 protons of vinyl sulfides supports the contention 
that the disulfide group is a poorer electron donor than 
the sulfide group (compare the chemical shifts of 8 4.84-
4.97 and 5.08-5.11 for the /3-vinyl protons, respectively, 
cis and trans to the alkylthio group in ethyl or methyl 
vinyl sulfide9 with the corresponding cis- and trans-0- 
vinyl proton shifts of 8 5.40-5.45 and 5.25-5.30 in ethyl or 
methyl vinyl disulfide10) as indicated by a variety of 
chemical studies. 1 1

To explain the low stability of 1 it can be argued that 
the near 90° C -S -S -C  dihedral angle adopted by acyclic 
disulfides is also favored for ion 1 , thereby precluding any 
contributions from structure Id (since the requisite p or
bitals are orthogonal as indicated in 2). While lc could 
contribute to the overall stability of 1 , it could only do so 
at the expense of contributions from la and lb (since the 
geometry favoring lc should differ from the ideal geome
try for la and lb).12 The reduced stability of CH3SSCH2+ 
compared to CH3SCH2+ can be attributed to inductive 
and conjugative (i.e., involving sulfur 3d orbitals) elec
tron-withdrawal effects by the second sulfur atom .13 From 
the data of Table I it is seen that, in electron-withdrawal 
ability, the C H 3 S  group is similar to the p-nitrophenyl 
group.

C ti3

. V'c— s
A A

2

Cyclic disulfides display enhanced electron-donor prop
erties (compared to acyclic disulfides) which increase with 
decreasing ring size and decreasing C -S -S -C  dihedral an
gle. lla>c This phenomenon is explained in terms of the de- 
stabilization of the ground state of small ring disulfides 
due to lone pair-lone pair repulsion. 1 1  We suggest that the 
stability of cyclic a-disulfide carbonium ions (i.e., 3)

5 6
Finally, it should be noted that a-alkylperoxy carbonium  

ions (i.e., +CH2OOR) should be less stable than a-alkoxy 
carbonium ions for essentially the same reasons advanced 
above to explain the relative instability of acyclic a-disul- 
fide carbonium ions. Consistent with this argument is the 
observation that replacement of both alkoxy groups of an 
acetal with peroxy groups (i.e., using t-BuOOH; see eq 3) 
requires more drastic conditions, such as acid catalysis, 
than replacement of a single alkoxy group (which occurs 
without catalyst) ,20

RCH(0Et)2 +  t-BuOOH RCH(0Et)(00-f-Bu)

RCH(OOf-Bu)2 (3)
R = alkyl
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The Chlorination of Cyclopentadiene
Summary: Chlorination of cyclopentadiene under ionic 
condition in several solvents produces (in varying 
amounts) the following dichlorides (yields ~60% ): cis-
3,4-dichlorocyclopentene (1), fnms-3,4-dichlorocyclopen- 
tene (2), cis-3,5-dichlorocyclopentene (3), and trans-3,5- 
dichlorocyclopentene (4); 1 is formed by cis-1,2 addition 
of chlorine.

Sir: We wish to report the first example of extensive cis-
1,2 addition o f chlorine to a simple, aliphatic olefinic sys
tem.1 The results in Table I show that chlorination of cy-

Table IChlorination of Cyclopentadiene
Solvent

Percentage < 
2

>f dichloridc 
3 Yield, %1 4

CH2C12 38 3 5 18 9 52
ccb 27 23 39 1 1 60
c 6h 12 13 29 29 28 68

clopentadiene gives Cis-3,4-dichlorocyclopentene (1) under 
all of the conditions that were examined.

The stereochemistry of 1,2 addition of chlorine to cyclo
pentadiene stands in marked contrast to cyclopentene. 
We have established that chlorination of cyclopentene 
does not give a trace of the cis-1,2 isomer.2 We account for 
the difference in the stereochemistry of 1,2 addition be
tween these two olefins on the basis of the bonding be

tween the chlorine and carbon atoms in intermediates 5 
and 6.

Intermediate 5 (from cyclopentene) gives only trans addi
tion, apparently because bonding between the carbon 
atoms and chlorine atoms prevents cis attack of the chlo
ride ion. By contrast, intermediate 6 (from cyclopenta
diene) has no bonding (or weak, in the case of pentane) 
between the chlorine atom and adjacent allylic carbon 
atom, and the chloride ion can attack either cis or trans to 
the chlorine atom. The results in Table I also suggest that 
the charge density in intermediate 6 in the least polar sol
vent pentane is highly dispersed since considerable attack 
occurs at both ends of the allylic system (ratio of 1,2:1,4 
addition equals 1:1.3). In polar dichloromethane the 
charge density is substantially localized at one allylic car
bon atom (ratio of 1,2:1,4 addition equals 1:0.3).

Our results are in sharp disagreement with rather re
cent studies on the chlorination of cyclopentadiene. One 
study3 states that the only product is 4, and the other in
vestigators claim4 that 3,5-dichlorocyclopentene (85%) is 
the principal product (3,4-dichlorocyclopentene, 15%); the 
stereochemistry was not established.5

Reactions were carried out ( —15°) at 0.02 mol fraction 
in diene in the selected solvent (reaction volume ~25 ml) 
in the presence of O2 . The chlorine was added both as a 
gas and dissolved in solvent, without any significant dif
ferences. Under these conditions cyclohexane was not 
chlorinated, which confirmed ionic conditions. (Under 
radical conditions cyclohexane was chlorinated.) Vpc and 
nmr analyses of reaction mixtures were in close agreement 
indicating that there was no rearrangement during vpc 
analysis. Although the yields are not quantitative, the 
product compositions in Table I seem to be valid since 
chlorinations at both very low and high completion gave 
essentially the same mixtures of dichlorides.

Vpc analysis (2.5% SE-30, 18 ft X 0.25 in., 55°, and 100 
m l/m in) of chlorination mixtures showed four principal 
peaks with retention times of 9.2, 11.0, 15.4, and 16.4 min. 
The peaks were assigned to 2, 4, 3, and 1, respectively. 
Pure samples of 2 and 4 were isolated from chlorination 
mixtures by distillation or vpc collection; 1 and 3 were ob
tained together as a mixture. Samples of 3 and 4 were ob
tained by independent synthesis from their correspond
ing dibromides as follows: cis- or trarcs-3,5-dibromocy- 
clopentene was allowed to react with excess lithium chlo
ride in DMSO at 15° for 15 min, after which the mixture 
was added to water and the product extracted into pen
tane. Structural assignments for 2, 3, and 4 are therefore 
based on independent synthesis (3 and 4) and their nmr 
spectra. The nmr spectra of 2, 3, and 4 are strikingly sim
ilar to the spectra of the corresponding cyclopentadiene 
dibromides.6 The 60-MHz spectral data (CC14) for the 
four dichlorides is summarized as follows. 1: 5 2.71 (br d, 
2, CH2, J5<5-.4 = 7.0 Hz), 4.45 (dt, 1, CH2CHC1, J4sisu =
7.0, J43 = 5.7 Hz), 4.89 (d, 1, CH=CHCHC1, J34 = 5.7 
Hz), 5.99 (br s, 2, C H =C H ). 2: 2.52 [br d, 1, cis- 
C(C1)C(H)H, J 55 ' = 18.2 Hz], 3.15 [dd, 1 , trans- 
C(C1)C(H)H, J5 '5 = 18.2, J 5'4 = 6.0 Hz], 4.48 [d, 1, 
CH2C(H)C1, J45' = 6.0 Hz], 4.91 [br s, 1,
CH=CHC(H)C1], 5.88 (br s, 2, C H =C H ). 3: 2.30 [dd, 1 , 
c(s-C(Cl)C(H)H, J i 4. = 15.7, ¿ 43(5 ) = 3.0 Hz], 3.06 [dd, 1 , 
frans-C(Cl)C(H)H, J 4.4 = 15.7, J4'3<si = 7.4 Hz], 4.89 
(dd, 2 , CHC1, J  = 3.0, J  = 7.4 Hz), 5.95 (d, 2 , C H =C H , J  
= 1.0 Hz). 4: 2.66 (t, 2, CH2, J  = 5.4 Hz), 5.17 (t, 2, 
CHC1, J  = 5.4, J  =  1.1 Hz), 6.06 (d, 2, C H =C H , J  = 1.1 
Hz).
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Assignment of structure 1 to vpc peak no. 4 was made 
on the basis of the following evidence (a) the ir spectrum 
of 1 (mixed with 3) showed no absorptions inconsistent 
with the proposed structure; (b) when 1 (mixed with 35%
3) was heated in a sealed tube for 4 days (temp 100°), it 
largely rearranged to a mixture of 2, 3, and 4 (we con
firmed that significant net loss of isomers did not occur by 
including p-chlorobromobenzene in the mixture as an in
ternal standard); and (c) the nmr spectrum is consistent 
with this structure. As stated above, the spectrum showed 
four regions of absorptions (60 MHz, 5 2.71, 4.45, 4.89, 
5.99) with integrated intensities of 2:1:1:2, respectively. 
Decoupling experiments (Varian X L -100) showed that the 
multiplet at 5 4.45 collapsed to a doublet when thè pro
tons centered at 2.71 were irradiated. Irradiation of the 
proton centered at 5 4.89 caused the multiplet at 4.45 to 
collapse to a triplet. The broad doublet at S 2.71 collapsed 
to a broad singlet when the proton at 4.45 was irradiated. 
Unlike the trans-3,4 isomer, 2, the methylene hydrogens 
in 1 apparently have the same chemical shift and do not 
couple with each other.
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New Synthetic Reactions. Chemospecificity of Allylic Alkylation
Summary: Selective alkylation of the methyl groups of 
geranylacetone without protection of the carbonyl group 
has been aschieved via the intermediacy of tr-allylpalla- 
dium complexes.

Sir: The activation of the a position of carbonyl com 
pounds for formation of carbon-carbon bonds contributes 
to the importance of the carbonyl group in organic synthe
sis. The double bond has not generally served such a role.1 
One approach to this problem involves alkylations utiliz
ing ir-allylpalladium complexes as intermediates which, in 
turn, are generated from the olefins.2 We wish to report 
that this method allows selective alkylation a to the dou
ble bond even in the presence of a carbonyl group.

Treatment of c is- or trans-geranylacetone with palladi
um chloride, sodium chloride, cupric chloride, and sodium 
acetate in acetic acid proceeds regiospecifically to produce 
the 7r-allylpalladium chloride dimers 1 and 2 (from cis) 
and 2 and 3 (from trans) in 70- 85%  yields.3-4 The isomers 
are easily separated by preparative tic and characterized 
by their nmr spectra. Isomers 1 and 3 are distinguished 
from 2 by the presence of the methyl group on the ir-allyl 
unit at 5 2.12 and 2.10, respectively.5 They are distin
guished from each other by the downfield chemical shift 
of the vinyl methyl group of 1 (5 1.70) compared to 3 
(1.65).6 It should be noted that the geometry of the double 
bond of these products completely reflects that of starting 
material. However, reaction at the central double bond 
leads to the same 7r-allylpalladium chloride dimer from 
either cis- or trans-geranylacetone.3 The syn stereochem
istry of 2 is assigned on the basis of comparing nmr spec
tral characteristics (<5Ha 3.40, <5Hb 2.70, and <5Hc 3.63) to re
lated complexes of known stereochemistry.3-5 Recovered 
geranylacetone from these preparations shows no loss of 
double-bond geometry.

3

The remarkably stability of these complexes is illus
trated by the ability to ketalize the carbonyl group with
out decomposition under normal conditions. On the other 
hand, such protection was unnecessary for subsequent al
kylation. Treatment of either 2 or 3 with the anion of

methyl methylsulfonylacetate in the presence of 4 equiv of 
triphenylphosphine leads to the allylic alkylation products 
4 and 5, respectively, in yields of 24-85% (see Scheme I). 
To prove the stereochemistry o f the newly created double 
bond, 4 and 5 were converted to the olefins 6 and 7, a net 
homologation of the methyl groups of geranylacetone. 
Lithium iodide in the presence of sodium cyanide effected 
décarbométhoxylation in 77-78%.7 Reductive desulfuriza
tion was achieved after protecting the carbonyl group in 
an overall yield of 47-67%.8 Vpc and nmr characteristics

Victor L. Heasley* Paul D. Davis D. Michael Ingle Kerry D. Rold
Gene E. Heasley
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Scheme I
Alkylation of x-Allylpalladium Complexes

CHAC

CHjSOi

7 a, >80% 7b, <20%

° NaH, CH3S02CH2C02CH3, THF, 25°. 6 LiI-3H20, NaCN, 
DMF, 130°. cHOCH2CH2OH, PhH, TsOH, reflux. “Li, C2H5NH2, 
0°. eH20, HCl,

allowed the assignment of 6b and 7a as the major isomers. 
It has been shown that, in this series of compounds, cis 
isomers have shorter vpc retention times than trans.6 The 
retention times for 6a and 6b are 14.4 and 13.6 min, re
spectively. Compounds 6b shows a greater europium(+3) 
induced shift of the methylene group at C-7 than the 
methylene protons of the ethyl group. This observation 
implies a closer proximal relationship of the former meth
ylene group to the carbonyl group. Finally, 7a shows a 
single absorption in the nmr spectrum for both olefinic 
methyl groups, whereas 7b is known to show two peaks for 
these groups.9 As indicated before, the chemical shifts of 
methyl groups on trisubstituted double bonds has been 
shown to be diagnostic of olefin geometry.®

This study demonstrates the high regiospecificity of 
both the complex formation and alkylation. Furthermore, 
the stereochemistry of the newly formed double bond 
mainly reflects the stereochemistry of the r-allyl complex. 
More significantly, the method allows selective alkylation 
at the allylic site without the need to protect the carbon
yl. The ability to create more complex structures with 
moderate stereospecificity and high chemospecificity from 
simple olefins should prove to be a useful addition to the 
arsenal of synthetic reactions.
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E asy  to  pu t on.E asy to  remove.

2 ,3 -D IH Y D R O P Y R A N  
from Aldrich protects 
alcohols, opens the way to 
many new compounds.

In addition, 2,3-dihydropyran reacts with carboxylic acids to 
form polymers.7 It has also been employed in the preparation 
of lysine8 and 5-hydroxyvaleraldehyde.9

Thus, 2,3-dihydropyran is potentially very useful both as a 
protecting agent and as a starting material for a wide variety 
of compounds.
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